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ABSTRACT
In this thesis, I present a reliable and efficient approach to heterogeneous integration of
single-crystalline GaSb semiconductors with highly mismatched materials. The mismatch
may refer to the crystalline structure and the thermal expansion coefficient of singlecrystalline GaSb and the other materials of interest. The strategy of hetero-integration relies
on epitaxial lift-off. This approach prevents the formation of extended structural defects
that are detrimental to the performance of optoelectronic devices and preserves GaSb
growth substrates for potential reuse.
Within my research work, I have overcome some outstanding challenges of epitaxial liftoff of GaSb, and I have demonstrated the operation of single-crystalline GaSb photovoltaic
devices with unique architecture on single-crystalline Si substrates.
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Using the pixelated approach for epitaxial lift-off, I release GaSb epilayers from GaSb
substrates with 100% yield. By leveraging release and transfer of GaSb membranes on Si,
I have demonstrated the operation of thin-film photovoltaic devices with areas of
~100sx100s m2 (i.e., pixelated solar cells). The photo-conversion efficiency of ~340x340
m2 pixelated devices amounts to ~2.6%, i.e., a comparable efficiency to what I extracted
for a ~5 x 5 mm2 homo-epitaxial GaSb cell on a GaSb substrate.
I have performed a detailed structure-property relationships study to justify device
characteristics in pixelated GaSb solar cells on Si. Specifically, I have determined the
origin of non-ideal effects and leakage mechanisms underlying the device behavior with
and without illumination. These effects relate to the chemical and physical structure of
surfaces and interfaces in small-area GaSb solar cells transferred to Si. These investigations
are crucial to gain understanding and predictive control of performance in devices with
unprecedented architecture.
In conclusion, I have established a reliable and efficient process to isolate GaSb epilayers
without the formation of any extended defects. I have demonstrated thin films and pixelated
GaSb photovoltaic devices on single-crystalline Si substrates, and I have performed a
detailed structure-property relationship of the novel solar cells architectures.
My work will potentially impact a variety of optoelectronic devices that would benefit from
integration of III-Sb device layers with mismatched materials. These devices include high
power infrared lasers, thermophotovoltaic cells, infrared detectors, and photovoltaic cells.
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CHAPTER 1
Introduction
In this chapter, I introduce III-Antimonide semiconductors and describe their uses in
optoelectronics with a specific focus on photovoltaic applications. Upon justifying the need
to combine GaSb with mismatched materials in photovoltaic devices, I discuss the
outstanding challenges that relate to hetero-integration of GaSb. Finally, I outline the
structure of my dissertation.
1.1 BACKGROUND
1.1.1. GaSb: Structure and properties
Crystalline structure. GaSb is a compound semiconductor that crystallizes into a zincblend lattice with a natural lattice constant of 6.09593 Å and a melting point of 985 K. The
unit cell of GaSb is schematically illustrated in Fig. 1.1.

Figure 1.1. Unit cell of GaSb. Yellow circles represent Ga atoms and violet circles represent
Sb atoms.

The zinc-blende Bravais crystalline lattice comprises two interpenetrating face-centered
cubic lattices. The bonding between the group III and group V atoms originates from sp3
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orbital hybridization. The bonding forces in GaSb are partially covalent and partially ionic.
Cleavage planes exist in the (110) directions, which are non-polar crystalline planes,
meaning that both cations and anions exist in equal proportions on this plane. The (100)
and (111) planes are polar planes consisting of either group III or group V atoms.
Energy band structure. Figure 1.2 shows the energy band structure of GaSb in the energywave vector space. The conduction band exhibits three minima, with the lowest minimum
at the Γ point. The valence band has the structure common to all zinc-blende
semiconductors, with degenerate heavy holes and light holes bands at the Γ point and a
split-off band at lower energy (or higher energy within the valence band).

Figure 1.2. Energy band structure of GaSb. Reprinted from [2].

Figure 1.2 shows that GaSb has a direct bandgap at the center of the Brillouin zone, i.e., an
attribute that makes it a suitable candidate for optoelectronic applications. The basic
parameters of GaSb are summarized in Table 1.1.
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Table 1.1 Selected properties of GaSb at 300 K or at a variable temperature T.
Density

3.53 x 1022 cm-3

Electron affinity

4.06 eV

Mobility (electrons)

3000 cm2 V-1 s-1

Mobility (holes)

1000 cm2 V-1 s-1

Dielectric constant

15.7

Effective electron mass

0.041 m0

Effective hole mass

hh- 0.4 m0 lh- 0.05 m0

Diffusion coefficient (electrons)

75 cm2/s

Diffusion coefficient (holes)

25 cm2/s

Thermal velocity (electrons)

5.8 x 107 cm/s

Thermal velocity (holes)

2.1 x 107 cm/s

Energy gap (eV)

0.813 – (3.78 x 10-4 x T2)/(T+94)

Effective density of states (Nc)

4.0 x 1013 x T3/2 (cm-3)

Effective density of states (Nv)

3.5 x 1015 x T3/2 (cm-3)

Infrared refractive index

3.71 x (1+8.25 x 10-5 x T)

Bulk modulus

5.63 x 1011 dyn cm-2

Thermal conductivity

0.32 W cm-1 °C-1

Coefficient of linear thermal expansion

7.75 x 10-6 °C -1
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1.2. GaSb in Photovoltaic Applications. GaSb has a narrow direct bandgap, which
makes it a viable candidate as absorber of the infrared (IR) electromagnetic radiation in
optoelectronics. Although ternary and quaternary alloys based on III-V semiconductors
have also been successfully used as IR absorbers, GaSb presents some distinctive
advantages. GaSb doe not require compositional calibration of the growth processes, it is
less likely to degrade due to oxygen contamination than Al‐containing alloys, and it
potentially has fewer defects and longer minority carrier lifetimes than ternary and
quaternary alloys with the same bandgap.
In the following paragraphs, I will explain in detail how high-efficiency photovoltaic (PV)
and thermo-photovoltaic TPV architectures benefit from the use of GaSb absorbers.
1.1.2. GaSb in high-efficiency solar cells. The solar spectrum spans from 300 nm to 2500
nm (see Fig. 1.3 (a)). The maximum theoretical efficiency of a single junction solar cell
is given by the detailed balance model under the following assumptions: (i) one electronhole pair excited per incoming photon; (ii) thermal relaxation of the electron-hole pair

(a)

(b)

Figure 1.3. Characteristics of solar spectrum and efficiency limits of a solar cell (a) Total
spectral irradiance of a solar spectrum as a function of wavelength (b) Various losses associated
with solar cells as a function of their bandgap.
4

energy in excess of the bandgap; (iii) illumination at 1 sun or with non-concentrated
sunlight.
This limit was first calculated by Shockley and Queisser in 1961, giving a maximum
efficiency of 30% at 1.1 eV.[1] Recent calculations based on a more accurate model of
the PV device provide maximum efficiency of 33.7% at 1.34 eV [2].
The conversion efficiency is limited by a variety of losses, as shown in Fig. 1.3(b). Here
I highlight the two primary mechanisms of losses: sub-bandgap photon losses and
thermalization losses. Sub-band gap photon losses relate to photons that have energy less
than the bandgap of a solar cell material. These photons are not absorbed in the solar cell.
Thermalization losses are due to photons that have higher energy than the bandgap of the
solar cell absorber. These photons are absorbed in the solar cell, but the excess energy
with respect to the bandgap of the absorber converts into heat.

Figure 1.4. Maximum efficiency limit of a single-junction solar cells (red solid line) and
theoretical efficiencies of solar cells realized using different semiconductor materials.
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The most widely used semiconductor absorbers of solar radiation are shown in Fig. 1.4
with their corresponding bandgap energies and theoretical limiting efficiencies. In PV
devices based on wide bandgap semiconductor absorbers, e.g., GaN and GaAs, subbandgap losses are the dominant mechanism that limits the conversion efficiency. On the
other hand, in solar cells based on narrow bandgap absorbers such as GaSb and InAs, the
thermalization losses are dominant.
The theoretical limit to the PV conversion efficiency can be overcome using multimaterial absorbers. PV devices that incorporate more than one semiconductor material are
known as multi-junction solar cells. There are two main ways of realizing multi-junction
solar cells based on how different absorbers are integrated on a substrate surface. These
two approaches lead to two high-efficiency solar cell architectures: vertical and lateral
multi-junction PV devices.
In vertical multi-junction solar cells individual sub-cells are stacked on top of each other
with the bandgap of the absorbers decreasing from top to bottom. In this architecture, high
energy and low energy photons are absorbed by the top and the bottom sub-cell(s) within
the stack, respectively. The sub-cells are electrically connected in series. Thus, the device
with the highest resistance at a given voltage limits the electrical transport through the
stack. In other words, the sub-cells need to be current-matched. In theory, by stacking many
sub-cells, one can achieve up to ~80% efficiency. In practice, the efficiency is limited to
~40% as constraints exist on the type of high-quality absorbers that can be stacked and
satisfy the current matching condition. Figure 1.5 plots the conversion efficiency for a
vertical multi-junction solar cell comprising two sub-cells at varying bandgap of the top
and the bottom sub-cells. The dashed lines mark the bandgap of GaAs (on the y axis) and
6

GaSb (on the x-axis). Note that, by adding a bottom GaSb sub-cell to a GaAs device, the
conversion efficiency is boosted from ~25% to ~46% [1].

Figure 1.5: Conversion efficiency of a tandem solar cell calculated based on detail balance model
for the different combinations of bandgaps of the top and bottom sub-cells. The dashed lines mark
the bandgaps of the GaAs (on the y axis) and GaSb (on the x axis).

Another route to realizing very-high-efficiency solar cell architectures relies on integrating
sub-cells side to side or laterally, as schematically shown in Fig. 1.6. In PV systems based
on lateral multi-junction solar cells, also known as spectrum splitting architectures, the
incident solar radiation is split into beams of different wavelengths by optical elements in
combination with a micro-concentrator lens array (see Fig. 1.6). The optics is optimized to
diffract a particular band of the incident solar spectrum towards the PV device for which
the highest conversion efficiency can be achieved at that specific wavelength band. The
micro-concentrator lens array allows for the precise matching of the spectrum splitting
optics with an array of laterally separated PV cells with different bandgaps. Sub-cells that
are integrated laterally are made electrically independent from each other. Thus, sub-cells

7

Figure 1.6. Spectrum splitting solar cell architectures realized by laterally-stacked tandem
solar cells paired with holographic spectral splitters.

are not required to be current-matched. Spectrum splitting architectures can, in principle,
achieve higher efficiency and guarantee higher annual energy yield than vertical multijunction solar cells.
The use of GaSb sub-cells to absorb the infrared portion of the solar spectrum will benefit
both lateral multi-junction solar cells provided that these devices can GaSb devices can
be integrated with higher bandgap sub-cells. The challenge lays in the high structural
mismatch between GaSb and higher bandgap materials as I will detail in later sections.
1.1.2. GaSb in thermophotovoltaic systems. Thermophotovoltaic (TPV) systems convert
heat into electrical power through a two-step process wherein the thermal energy is first
converted into electromagnetic radiation by an absorber/emitter material, and the photon
energy is converted into electrical energy by a TPV cell [2]. Figure 1.7 schematically
illustrates a TPV system, which comprises three main elements, i.e., a thermal emitter, a
PV cell, and a heat sink [3].

8

Figure 1.7. Functionality of a TPV system. Different components of a TPV system.

Thermal radiation can be generated by the sun, combustion sources, or nuclear sources.
Thermal energy from these sources is supplied to an emitter that converts it into
electromagnetic radiation. The radiation is then directed to a PV cell that transforms it into
electrical power. The spectral sensitivity of the PV cell should match the spectral
distribution of the emitted radiation to maximize conversion efficiency (see Fig. 1(b)).
Thus, the bandgap of the PV cell needs to be close to the peak energy of the emitted
radiation. The spectral irradiance of the emitter can be approximated by Planck’s radiation
law:[4]
𝐹(𝜆) =

2𝜋ℎ𝑐 2
ℎ𝑐

, (Eq. 1.1)

(
)
𝜆5 (𝑒 𝜆𝑘𝑇 −1)
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where 𝜆 is the wavelength of light, 𝑇 is the temperature of the blackbody, 𝐹 is the spectral
irradiance , ℎ is Planck’s constant, 𝑐 is the speed of light, and 𝑘 is Boltzmann’s constant.
As shown in Fig. 1.8, at 1800 K, the spectral irradiance peaks at about 1.6 μm, which
corresponds to a bandgap of 0.77 eV.

Figure 1.8. Spectral irradiance from a blackbody at different temperatures as a function of
wavelength.

As the temperature of blackbody decreases, the emitted power density decreases and the
spectral irradiance peak shifts to longer wavelengths, which correspond to narrower
bandgap semiconductors. Based on the spectra in Fig. 1.8, GaSb PV devices are good
candidates to be used in TPV cells.
Finally, I will explain the need for integrating the PV cell with an efficient heat sink. In a
typical TPV system, PV cells are generally in close proximity of the heat source to absorb
the radiation effectively. Thus, a significant amount of heat arises in the cell in addition to
the heat generated by non-radiative optical transitions (e.g., Auger process). The heat
generated in the PV device must be removed as it degrades its performance and lifetime.
10

For maximum efficiency, the operating temperature of the TPV cell needs to be kept below
80°C. An efficient route to achieve the optimum operating efficiencies of TPV cells is by
thermally connecting them to a heat sink. For efficient heat removal, the global thermal
resistance in the interconnect between the TPV cell and the heat sink must be minimized.
The heat generated in the p-n junction of the TPV cell must travel through the growth
substrate, and finally to the heat sink material (copper, ceramic, or CVD diamond
substrates). The global thermal resistance can be calculated by adding the individual
thermal resistance of each layer in the cell-to-sink interconnect. In a typical scenario, the
GaSb substrate amounts to about ~ 75% of the global thermal resistance because of its poor
thermal conductivity (0.32 W cm-1 °C-1 at 300K) [5]. Hence, the global thermal resistance
of the cell-to-sink interconnect could be reduced if the TPV were isolated from the growth
substrate and bonded directly to a heat spreader with higher thermal conductivity (e.g.,
CVD diamond - 4000 Wm-1K-1 at 200K).
1.3 Strategies of Heterogeneous Integration of GaSb
In section 1.1.2 I have highlighted that the full potential of GaSb for PV applications is
realized when the semiconductor is integrated with materials that have a different chemical
and physical structure, such as GaAs, and diamond. This pressing need has led to many
research efforts to establish efficient and reliable processes for hetero-integration of GaSb.
In this section, I describe representative results of these efforts that I group in three
categories:1) hetero-epitaxy; 2) wafer bonding; 3) integration via membrane bonding.
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1.3.1. Hetero-epitaxy. One approach to integrating different single-crystalline
semiconductors is via direct epitaxial growth or hetero-epitaxy. In hetero-epitaxy, a singlecrystalline semiconductor layer is grown on top of a substrate which may or may not be
structurally matched to it. This technique provides high-quality single-crystalline films
when the two materials are lattice-matched or closely lattice matched [6]. At high lattice
mismatch, strain energy relaxes through a variety of plastic deformation modes, including
island growth and formation of extended defects in thin layers and/or at the interface
between the film and the substrate [7]. Figure 1.9 (a) shows the energy gap vs lattice
constant for widely used semiconductors. A vast majority of useful semiconductors has a
significantly different lattice parameter than GaSb. For example, GaSb has~12% lattice
mismatch with Si. Figure 1.9(b) shows selected results of the integration of GaSb and Si
via direct growth. In both electron micrographs, extended defects in the GaSb are visible
[8][9].
(a)

(b)

Figure 1.9. Challenges of direct hetero-epitaxy of GaSb (a) Bandgap vs lattice constants for
different semiconductors. (b) Direct growth of GaSb on Si leading to dislocations in GaSb epilayer and formation of islands.

A recently developed strategy to reduce the density of extended defects such as threading
dislocations in GaSb epilayers relies on inducing strain relaxation through the formation of
12

interfacial misfit dislocations between the epilayer and the substrate [10][11]. Selected
results of this approach are shown in Fig. 1.10 for GaSb layers grown on GaAs substrates.
The lattice mismatch between the two materials is ~6%.

(a)

(b)

(c)

(d)

Figure 1.10. Metamorphic approach for hetero-epitaxy of GaSb on GaAs substrates. (a) Layer
structure of GaSb metamorphically grown on GaAs via the interfacial misfit arrays shown by
as black dots at the interface of GaSb and GaAs epilayers (b) Cross-sectional TEM image of
the interface showing 900 misfit dislocations incorporated in-plane to prevent the dislocations
from propagating in GaSb growth direction (c) low resolution TEM image showing the
dislocations still prevalent in GaSb epilayer. (d) Isolated GaSb membrane from GaAs substrate.
Taken from [11].

This approach is known as inverted metamorphic misfit (IMF) growth [10][11]. IMF
growth yields a ~ 1 x 108 cm-2 threading dislocation density (TDD), which is one order of
magnitude lower than what has been reported for direct hetero-epitaxy of GaSb/bulk GaAs
and more than two orders of magnitude higher than in homo-epitaxial GaSb/bulk GaSb (~1
x 105 cm2) [12]–[14]. Other efforts to reduce the TDD in GaSb on mismatched substrates

13

relies on buried dislocation filtering layers [15]–[17]. To my knowledge, the lowest TDD
using defect filtering layers is ~ 4 × 107 cm-3 [15]–[17].
1.3.2 Direct Wafer Bonding. Wafer bonding is a viable technique to realize heterointegration. The primary advantages of direct-wafer bonding are scalability and relaxation

Figure 1.11. Thermal expansion mismatch and lattice mismatch for various semiconductors
with respect to Si. Top horizontal axis denotes the thermal mismatch and right vertical axis
denotes the lattice mismatch with respect to Si. GaSb has a lattice mismatch of ~ 9.5% and
thermal mismatch of over 100% Inset: Low magnification image of a wafer bonded stack of
GaSb/Si showing the cracks emerge due to mismatch in their coefficient of thermal expansion.

of the lattice matching constraint between the two materials to be integrated. However,
there are certain critical limitations associated with wafer bonding. Briefly, the process
consists of cleaning/functionalization of the surfaces to be bonded, placing the two surfaces
in contact and annealing of the two materials to activate the formation of a permanent and
strong chemical bond at the interface. Increasing and subsequently decreasing temperature
causes a volume expansion/contraction of each wafer. Because each material expands at
14

its own rate (see Fig. 1.11), a misfit strain and therefore stress develops at the bonded
interface. If the stress exceeds a critical threshold, it drives mechanical fracture at the
bonded interface or through the thicknesses of the layers. Formation of cracks and other
extended defects is primarily controlled by the difference in the coefficients of thermal
expansion of the bonded materials and the strain energy release rates of the wafers.
Interfacial cracking, delamination, and spalling are typical structural defects that arise from
annealing two adhered wafers with a high mismatch in their thermal expansion coefficient.
Figure 1.12 shows structural defects in GaSb/GaAs bonded wafers and the effect of defects
on the electrical transport through a bonded GaSb/Si interface at different temperatures.

Figure 1.12. Integration of GaSb and GaAs through direct wafer bonding. (a), (b) Crosssectional electron micorgraphs of a bonded GaAs/GaSb at interface at 4000C. The interface is
rough due to lattice misalignment and thermal mismatch [27]. (c) IV-characteristics of nGaSb/n-Si wafer bonds showing interfacial resistance increase with increasing temperature
which is indicative of defective interfaces. Taken from [28].

Indirect wafer bonding using adhesives [18][19] has been investigated to circumvent the
outstanding challenges that relate to direct wafer bonding. In such approaches, an
intermediate adhesive layer promotes bonding at a low temperature and minimizes the
residual stress during thermal cycling. However, for indirect wafer bonding to be widely
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applicable to the fabrication of vertical transport optoelectronic devices, adhesive layers
need to be optimized to be electrically conductive and optically transparent to the
wavelengths of interest.[20]
1.3.3 Integration via membrane bonding.
A possible solution to overcome the outstanding challenges of lattice and thermal mismatch
in heterogeneous integration of GaSb is to utilize GaSb in its membrane form. Inorganic
membranes have thicknesses in the range of ~0.4-3000 nm and an aspect ratio higher than
103 between lateral dimensions and thickness (see Fig. 1.13(a)). Membranes are freestanding during some critical steps of processing or in their final device integrated forms.
(a)

(b)

Figure 1.13. Properties of Semiconductor membranes (a) comparison of thicknesses of a
membrane and bulk wafer (b) Flexural rigidity and energy release rates for Si as a function of
its thickness [21].

Advantages of Membranes in the Context of Hetero-integration. Due to their reduced
thickness, membranes exhibit some unique mechanical properties compared to their bulk
counterpart [21]. Figure 1.13(b) shows that the flexural rigidity and the strain energy
release rate of single-crystalline Si decrease by several orders of magnitude in membranes
with respects to conventional bulk wafers, whose thickness is in the range of ~500-700 m.
In the context of hetero-integration, membrane-to-wafer bonding presents several
advantages with respect to wafer-to-wafer bonding. The reduced thickness of membranes
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in comparison to bulk wafers results in an extremely conformal film at the micro- and
nanoscale, increasing the initial contact area, and, therefore, total adhesion energy.
Secondly, the amount of strain energy stored in the membrane is directly proportional to
its thickness. In other words, the membrane contains insufficient strain energy to drive
propagation of interfacial cracks or other extended defects in the membrane. During
annealing of a membrane-bulk substrate combination, the membrane simply deforms along
with the thick substrate by stretching and bending elastically. The majority of the thermalmismatch strain energy resides in the membrane and not in the bulk substrate, which
prevents the formation of extended structural defects during thermal cycling. [22][23]
Synthesis of inorganic membranes. An effective approach to fabricate single-crystalline
membranes relies on isolating them from their native host by epitaxial lift-off (ELO).
[24][25][26]. The process is schematically shown in Fig. 1.14. Successful ELO requires: (i)

a sacrificial/release layer that is structurally matched to the active layer and the growth
substrate; (ii) high selectivity (etching rate of material A/etching rate of material B)
between the sacrificial layer and the surrounding matrix. Higher selectivity than 103
selectivity guarantees that the sacrificial layer is eroded without affecting the active device
layer or the substrate. Upon ELO the membrane can be released from the native substrate
and transferred onto a new carrier.

Figure 1.14. Epitaxial lift-off process to obtain membranes and membrane transfer onto a new
carrier.
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The significant advantages of the process shown in Fig. 1.14 are as follows: (i) heterointegration of highly mismatched materials can be performed without introducing extended
defects into the epilayers; (ii) single-crystalline epilayers can be integrated with a wide
palette of hosts/materials (both rigid and flexible, crystalline and amorphous, organic and
inorganic); (iii) the native substrate can be re-used for subsequent growth. [24]–[26]
Although ELO has tremendous potential to realize heterointegration of high-quality GaSb
membranes, the shortage of lattice-matched sacrificial layers to GaSb has prevented
isolation of homoepitaxial GaSb epilayers. The outstanding challenges of ELO of latticematched GaSb are described in more detailed in Chapter 2, where I will present my
approach to isolate GaSb membranes.
1.4 OVERVIEW AND STRUCTURE OF DISSERTATION
Chapter 2 presents my strategy to isolate GaSb membranes and integrate them with
different materials via direct bonding. The chapter begins with describing optimization of
the materials, geometries, and processes to perform successful ELO of homoepitaxial GaSb
membranes. Next, I present a detailed structural characterization of released membranes
along with some examples of transferred GaSb epilayers on a few different hosts.
Chapter 3 presents the fabrication process of GaSb photovoltaic devices on Si. Results of
device characterization under illumination are also reported in this chapter, along with an
evaluation of device performance.
Chapter 4 is a detailed structure property-relationship study that aims at justifying
performance and unveiling non-ideal effects in the fabricated solar cells.
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Chapter 5 summarizes the work presented in this dissertation and indicates short and longterm research paths based on the results of my research.
Appendix A describes the fabrication techniques that I have utilized during my research
work.
Appendix B provides information about the techniques and set-ups that I used to
characterize the structure and the functional response of the fabricated devices.
Appendix C reports the results of my preliminary attempts to quantify mechanisms of
leakage in pixelated solar cells using a double diode model.
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CHAPTER 2
Isolation of GaSb Membranes
This chapter describes my newly established procedure to fabricate GaSb membranes, and
it shows selected examples of hetero-integration of GaSb based on this technique. I will
initially highlight the outstanding challenges that relate to the epitaxial lift-off (ELO) of
GaSb. Next, I will describe the pathway to a successful ELO of GaSb membranes from
the optimization of the epitaxial layer structure to the design of the membrane geometry
and the release step. Finally, I will present detailed structural characterization results of
transferred membranes to new hosts, including flexible and rigid substrates.
2.1. PROCESS DEVELOPMENT FOR ISOLATION OF GASB MEMBRANES:
Epitaxial lift-off (ELO) of a homoepitaxial membrane from its growth substrate begins
with epitaxial growth of a multi-layer stack that includes, at minimum, a membrane/active
device layer and a sacrificial/release layer that are lattice-matched to the growth
substrate.[1] The next step of the process is the selective removal of the sacrificial layer
(via wet or dry etching) with respect to the membrane and the bulk substrate. A successful
ELO process requires that the sacrificial layer is eroded at a much higher rate than the
surrounding matrix (i.e., the membrane and the substrate). As anticipated in Chapter 1, a
selectivity higher than 103 will guarantee good integrity of the device layer and the native
host. The outstanding challenge with ELO of homoepitaxial GaSb layers relates to a
shortage of sacrificial layers that are lattice matched to GaSb, and that can be etched with
relatively high selectivity with respect to GaSb device layers and substrates. [2][3]
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I overcome this challenge by patterning GaSb epilayers in 2D arrays of pixels with areas
of ~ 100sx100s m2 while on the native substrate. Additionally, I apply an all-around
protective layer to each pixel. Pixelation enhances access of the etchant to the sacrificial
layer during ELO, thereby reducing the required time for the GaSb to be exposed to the
etching solution or the etching gas. The reduced lateral size of the epilayer in combination
with the use of a protective layer limits erosion of GaSb during lift-off, and thus it is the
key to a successful release of GaSb epilayers from GaSb substrates.

Figure 2.1

schematically shows my approach to release and transfer of GaSb membranes.

Figure 2.1. Release and transfer of GaSb membranes from a GaSb substrate onto a new host
substrate.

In the upcoming sections, I will describe the materials design and optimization of the
critical processing steps in Fig. 2.1.
2.1.1 Design and Epitaxial Growth of the Layer Structure. Figure 2.1(a) shows that the
epitaxially grown layer structure includes an active layer, a sacrificial layer, and an etch-

24

stop layer (ESL). All the layer structures are grown on epi-ready (001) n-GaSb substrates
using molecular beam epitaxy (MBE) in a Semicon VG80 system. The growth conditions
for the various layers are reported in Appendix A. The sacrificial layer realizes a strong
bond between the membrane and the substrate, and it will be eventually removed to free
the membrane form the substrate surface. The ESL will hinder erosion of the membrane
from the bottom surface during ELO. All layers are designed to be lattice matched to the
GaSb substrate as detailed below.
2.1.1.1 Design of the sacrificial layer. I selected an AlxGa1-xSb sacrificial layer as Alcontaining epilayers are etched at a faster rate than GaSb in HF-based solutions [1],[4].
High Al content and large thicknesses (a few tens of nm or higher) will result in a
reproducible ELO of GaSb membranes. The reasons are as follows. At increasing Al
content, the selectivity of the alloy with respect to GaSb in HF-based solutions increases.
Moreover, thicker sacrificial layers enhance the access of the etching solution to the etching
front and allow for fast desorption of the etching byproducts from the etching front to the
bulk of the solution. Finally, a thicker sacrificial layer will hinder bonding back of the
membrane to the native substrate during ELO.
Although higher thickness and Al content in the sacrificial layer would benefit ELO, both
the thermodynamic and the kinetic critical thicknesses of AlxGa1-xSb decrease as the Al
content increases. In my studies, I used ~ 40-60 nm-thick Al0.4Ga0.6Sb release layer based
on previous studies [2]. Briefly, Zamiri et al. calculated the thermodynamic critical
thickness for Al0.4Ga0.6Sb to be 160 nm.[5] However, cross-hatching was observed on a
~152 nm-thick Al0.4Ga0.6Sb layer grown on a GaSb substrate. The Al0.4Ga0.6Sb thickness
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was then reduced in 10-nm decrements to 80 nm, when cross-hatching was no longer
visible.
2.1.1.2 Design of the etch-stop layer. I designed an etch-stop layer (ESL) between the
sacrificial and the active layer. The desired attributes of the ESL are: (i) close latticematching to GaSb and (ii) low etching rate in HF-based solutions, which are the selected
etchants to perform ELO in my research work. I tested two ESLs, namely a InAs/GaSb
superlattice and an InAs epilayer. Both films can be grown as lattice-matched to GaSb up
to several tens of nanometers. I have experimentally shown that they are both effective in
hindering etching of the membrane from the bottom surface during ELO. In my optimized
structure, I utilize ~20 nm InAs as ESL as it can be selectively removed with respect to
GaSb when it is undesirable in a final device structure.
2.1.1.3 Design of the GaSb membrane or device layer. My research work focuses on
hetero-integration of GaSb films with mismatched materials for photovoltaic applications.
Thus, the device layer is a GaSb photovoltaic absorber. Specifically, the membrane is a
P+PNN+ diode where the P and the N side serve as the emitter and the base the solar cell,
respectively. Highly doped N+ and P+ layers are introduced on either side of emitter and
base regions, to reduce the probability of recombination at the contact surfaces (see Fig.
2.2).
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The optimized layer structure for a GaSb solar cell comprises 100 nm p+-GaSb /500 nm pGaSb/2500 nm n-GaSb/200 nm-n+ GaSb. The doping levels are ~5x1018 cm-3 for the p+/
n+ regions, ~5x1017cm-3 for the p-emitter, and ~4x1017cm-3 for the n-base. Tellurium and
beryllium are selected as n-type and p-type dopants, respectively. Figure 2.2 illustrates the
GaSb PV absorber.

Figure 2.2. Optimized GaSb PV absorber

2.1.1.4. Design of the capping layer. Erosion of the top surface and the sidewalls of the
GaSb pixels was limited using a capping layer. The required attributes of the protective
capping are: (i) low etching rate in HF-based solutions (with respect to the etching rate of
Al0.4Ga0.6Sb); (ii) easy removal upon lift-off without affecting the structural integrity of the
GaSb membrane and the new host. Polymer coatings such as photoresist (PR), poly(methyl
methacrylate) (PMMA), and SU-8 have been previously used to provide mechanical support

to nanomembranes and 2D materials in HF-based solutions. The polymer layers were also
readily removed upon transfer of the sheets to a new substrate without affecting the
sheet/host combination. Based on these previous reports, I investigated the effectiveness
of a PR protective layer during ELO of GaSb membranes using the process illustrated in
Fig. 2.3. I patterned a GaSb/ESL/sacrificial layer into a 2D array of ~ 100 x 100 m2 pixels.
Next, I spin-coated PR onto the sample, and I patterned the polymer layer into an array of
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Figure 2.3. ELO of GaSb membranes from a GaSb substrate and transfer of released membrans
onto a new host .

caps by using standard photolithography. Upon release in a diluted HF etching solution, I
transferred pixels onto an elastomeric stamp (i.e., a polydimethylsiloxane (PDMS) stamp)
and from the stamp onto a new host substrate, e.g., bulk Si. Removal of the PR caps was
performed by conventional stripping methods (i.e., using solvents, commercially available
strippers and oxygen plasma when needed). I have also utilized water-soluble tape as a
stamp or performed a direct transfer of GaSb membranes onto a rigid substrate using a
thermal press, as detailed in the following paragraphs. I have performed structural
characterization of the pixels at various stages of the process to verify the effectiveness of
PR in serving as protective capping of GaSb during ELO and transfer to a new carrier.
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Figure 2.4(a)-(d) show schematic cross-sectional views and top-view optical images of a
GaSb pixel at selected stages of the fabrication process. The top surface and the sidewalls
of each pixel are protected by the AZ 4330 (Microchem®) photoresist (PR), as shown in
Fig. 2.4(a). The combination of the PR and the InAs ESL creates an all-around protective
layer to limit erosion of the pixels during the release process. Immersion of the sample in
HF:H2O2:H2O (10:1:100) results in removal of the Al0.4Ga0.6Sb layer and partial etching of
the GaSb substrate. Figure 2.4(b) shows that the etching of GaSb by the selected solution
is anisotropic as previously reported for diluted HF:H2O2. Additionally, I observed
swelling of the PR caps[6][5] while in HF:H2O2:H2O (Fig. 2.4(b)) allowing for a partial
etching of the GaSb membranes. Upon complete removal of the sacrificial layer, pixels are
weakly bonded to the GaSb substrate (Fig. 2.4(c)). PR is removed by an N-methyl
pyrolidone-based solution (Microchem®-1165) at ~80 °C for 20 minutes followed by 20
min O2 plasma at 100 W. Finally, the pixels/GaSb substrate are bonded to a metallized Si
substrate. I use a thermally conductive graphite fixture to apply pressure on both Si and the
GaSb substrates. The fixture is placed in an oven at ~ 250ºC for 30 minutes. Upon
formation of a strong chemical bond between the pixelated membrane and the new host,
the GaSb substrate is separated from the epilayer and it is potentially available for reuse.
Pixelated membranes remain bonded to the metallized Si substrate (Fig. 2.4(d)). Fig. 2.4(e)
is a plot of the release time for pixels of various lateral sizes vs their pre-release size. The
inset in Fig 2.4(e) is an optical image of a 2D array of ~340x340 m2 pixels on metallized
Si showing transferred pixels with a 100% yield onto a new host. A comparison of the
optical images in Fig. 2.4(a) and (c) indicates that the lateral sizes of the pixel decreases
from ~500 m to ~300 µm because of poor adhesion of the PR to the pixel while in the
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Figure 2.4. Illustration of release and transfer of pixelated GaSb solar cells to metallized Si
substrate. (a)–(d) Cross-sectional schematic views (top) and top-view optical micrographs of an
individual pixel at various stages of the release and transfer process (bottom). The pixel size
before transfer is 500 m. Note that the GaSb pixel is flipped when transferred to the new host.
(e) Release time vs. prerelease pixel size for all fabricated pixels. The inset is an optical
micrograph of a 2D array of transferred pixels to metallized Si. (f) Percentage area covered by
GaSb pixels over the total area of the array for three sizes (before and after release from the
GaSb substrate). The inset is a schematic view of a 2D array of GaSb pixels on metallized Si

etchant (see cartoon in Fig. 2.4(b)). Fig. 2.4(f) quantifies the area coverage before and after
release for pixels of different lateral sizes. I calculated the area coverage of the array as
(NxApixel)/Aarray where N is the total number of pixels in the array, Apixel= lpixel xlpixel is the
area of a single pixel, and Aarray= larray x larray is the total area of the array (see inset in Fig.
2.4(f)). Fig. 2.4(f) shows that the difference in area coverage before and after release
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increases nearly proportionally with pixel sizes. Larger pixels, which require longer time
in the solution to be released, exhibit the highest reduction in lateral size, thereby
confirming that GaSb membranes are partly eroded during ELO. In conclusion, utilizing
PR as protective capping leads to a reduction of the lateral size of the pixels during ELO.
However, the majority of the membrane real estate is preserved for device fabrication. One
can simply compensate for the change in the area upon release by patterning the epilayer
into larger pixels.
2.1.2. Design of the etching solution
In my research work, I tested two etching solutions, namely HF:H2O (1:700) and
H2O2:HF:H2O (1:10:100). Figure 2.5 shows transferred pixels onto two flexible stamps
upon ELO by the HF:H2O (1:700) and H2O2:HF:H2O (1:10:100) solutions.

Figure 2.5. Pixelated GaSb membranes transferred on flexible hosts upon ELO in HF:H2O

(1:700) (a) and ELO in H2O2:HF:H2O (1:10:100) (b) and (c). The release times were
~12 hours for 50 x 50 m2 pixels in (a), ~2 hours for 100 x 100 m2 pixels in (b), and
~12 hours for 500 x 500 m2 pixels in (c), respectively.
Although, both etchants yield a successful release of GaSb membranes, poor
reproducibility and slower etching was observed for the HF:H2O (1:700) solution. The
etching of GaSb substrate and the sacrificial layers in HF:H2O (1:700) was faster around
the defects as characterized using a Normaski optical microscope (Data are not shown
here). Thus the release time was highly dependent on the density of defects in the stack.

31

As a result, release times were significantly different across a 2D array of pixels or for
pixels on two different substrates. On the other hand, consistent release times for a given
pixel size could be achieved with the H2O2:HF:H2O (1:10:100) solution. In H2O2:HF:H2O,
the etching rate does not depend on the concentration and position of defects in the epitaxial
stack but solely on the rate of chemical oxidation of GaSb by H2O2 and on the dissolution
rate of the chemical oxide by the HF in the solution.
2.2. STRUCTURE OF RELEASED GASB MEMBRANES
I performed a detailed structural characterization of the GaSb membranes upon ELO and
transfer to a new host. The purpose of these investigations was to gain insight on the
crystallinity of the material, the surface topography, and the meso-scale geometry of the
transferred membranes. These attributes have a significant effect on the performance of
optoelectronic semiconductor devices.
2.2.1. Layer structure and crystallinity of GaSb membranes
I relied on a collaboration with Dr. Christoph Deneke (Unicamp, Campinas, Brazil) and
Dr. Sukarno Ferreira (University of Viçosa, Viçosa, Brazil) to determine the actual layer
structure and crystalline quality of GaSb membranes. For this purpose, we used X-ray
diffraction (XRD). A comparative analysis of diffraction patterns acquired from the asgrown layer structure and the transferred membranes was performed to evaluate the effect
of the ELO on the layer structure.
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Figure 2.6. XRD of the epitaxial layer strcuture before and after ELO. (a). Symmetrical scan
along the (004) diffraction plane of GaSb for the as-grown multilayer (a) and the InAs/GaSb
membrane onto Ni/Ge/Au/Si (b). Measurement data are shown in red and simulated fittings are
shown in black. The layer structures are schematically shown in the insets.

XRD theta/2-theta patterns were acquired from the as-grown layer structures and the GaSb
membranes at the university of Viçosa and at the Brazilian synchrotron light source,
respectively. XRD of the as-grown heterostructure was performed on a D8-Discover
diffractometer (Bruker VR) equipped with a Goebel mirror and a Ge (220) monochromator.
The incident radiation was ~ 8 KeV CuKα (λ = 1.5406 Å) and patterns were acquired from
a ~ 1 x 1 cm2 sample. XRD scans of pixelated GaSb membranes bonded to a metal-coated
Si substrate were acquired at the XRD2 beamline. The beamline has a Huber 6+2-circle
diffractometer after a double-bounce Si (111) monochromator and a Rh mirror for cleaning
the beam. The beam energy was ~ 10 keV (λ = 1.24 Å). A Mythen line detector was placed
ca. 1 m after the sample to read the inner 10x10 pixels (point detector mode). Figure 2.6
shows the experimentally acquired and simulated diffraction patterns for the as-grown and
transferred membranes. Both scans were performed around the (004) reflectionog GaSb.
Note that the two different excitation wavelengths that we used to probe as-grown and
transferred membranes yield different positions for the (004) GaSb reflections and all
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other reflections.

Simulations were carried out using a kinetic multibeam model

implemented in the Python X-ray utility package[7]. The LMfit package using the
Programming for Global Optimization routines of the scipy package were used to
determine the free parameters of the model (GaSb relaxation, GaSb and InAs film
thicknesses, etc.). The red curves show the raw data, and the black curves are the simulation
fitted to the experimental data before ELO and after membrane bonding.
For the as-grown structure (see Fig. 2.6(a)) the zero-order peak is assigned to the GaSb
(001) substrate and a ~3.3 m coherent GaSb film. The peaks at ~ 30.2° and ~ 30.8° are
attributed to a 74 nm Al0.4Ga0.6Sb layer and a ~19 nm InAs layer, respectively.[8]
After ELO, the zero-order peak is attributed to a ~ 3.3 m single-crystalline GaSb film
which indicates that the GaSb active layer is intact. The oscillations at ~ 24.36° correspond
to an InAs ESL. The intensity of the measured InAs peak is reduced after ELO, which
suggests that the ESL is partly eroded during ELO. The peak at ~ 27.197° corresponds to
the Si substrate. The peaks at ~ 25.447°, 24.922°, and 23.36° may arise from either the
underlying SiO2 layer and/or the metal layers (see Fig. 2.6(b)).
2.2.2 Geometry of the transferred membranes. In Fig. 2.4 I anticipated that GaSb
membranes have tapered sidewalls as a result of the GaSb being partly eroded from the
sides and the etching of GaSb by the selected HF:H2O2:H2O solution being anisotropic (see
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Figure 2.7. Structural characterization of the pixels after lift-off. (a) EDS spectrum acquired
from the backside of a ~85 m pixel. The spectrum shows characteristic peaks of In and As
and no Al, which signifies that the ESL is intact and that the sacrificial layer has been
completely removed. The inset shows a cross-sectional schematic view and a top-view SEM
image of the characterized pixel on a stamp. (b) Micro-Raman spectra acquired from bulk pGaSb (red), bulk n-InAs (blue), the center (green) and the tapered edge (orange) of a GaSb
pixel. Fitted Laurentian peaks are shown in black. The cartoons schematically show where
measurements were taken.

sections 2.1.1.4 and 2.1.1.5). I verify this hypothesis by a detailed structural
characterization of individual pixels transferred onto PDMS. Note that upon transfer to
PDMS the bottom surface of the pixels is facing upwards and it is readily available for
investigation by Raman spectroscopy, scanning electron microscopy (SEM), and energy
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dispersive x-ray spectroscopy (EDS). A schematic view and an SEM image of a GaSb
pixel/PDMS are in the inset of Fig. 2.7 (a).
The EDS spectrum and SEM images of the back surface of the pixel are acquired on a Jeol®
scanning electron microscope (see Appendix B for additional details). Figure 2.7(a) shows
that no Al is detected by EDS, which indicates that the Al0.4Ga0.6Sb sacrificial layer has
been completely removed by the HF:H2O2:H2O solution. Additionally, the EDS spectrum
shows characteristics peaks for In and As, i.e., the primary components of the ESL. This
result indicates that the backside of the cell has not been etched during ELO. Therefore the
total thickness of the P-N GaSb membrane has been preserved during the release step of
the process.
I used micro-Raman spectroscopy to determine the chemical composition at different
locations on the back side of the pixel. Measurements were performed in a backscattering
geometry on a HR Evolution (Horiba® Inc.) Raman microscope. The excitation wavelength
and the spot size were 442 nm and ~600 nm, respectively. I acquired Raman spectra from
the center and a tapered edge of the pixel (see insets in fig. 2.7(b)). Bulk p-GaSb and nInAs substrates were also measured as a reference. Fig. 2.7(b) shows four representative
Raman spectra. The measured spectrum at the center of the pixel is dominated by the InAslike LO and TO phonon modes centered at ~237.2 cm-1 and 217.5 cm-1, respectively. [9]
The LO mode is slightly red-shifted in comparison to what was measured for bulk InAs. I
attribute the shift to the tensile strain in InAs.[10] Raman spectra of the tapered edges show
vibrational modes at ~227 and 234 cm-1, which correspond to those of bulk GaSb.[11]
Raman spectroscopy determines that the GaSb P-N structure and the InAs layer were only
eroded around the perimeter.
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CHAPTER 3
Fabrication and Characterization of Pixelated Solar Cells
This chapter introduces pixelated solar cells (PSCs), i.e., a new device architecture
enabled by isolation of GaSb membranes from their growth substrate. Here, I define
pixelated photovoltaic (PV) devices, describe their fabrication process, and report results
of electrical characterization of the devices.
In my work pixelated solar cells are fabricated onto Si substrate because of the important
implications of demonstrating a GaSb devices/Si system for a variety of optoelectronic
applications. The described fabrication process and the device design are, however,
broadly applicable. For example, GaAs pixelated devices on Si or GaSb pixelated solar
cells on flexible substrates can be created by the same approach.
This chapter also reports results of electrical characterization of GaSb PV devices on Si
under illumination. Detailed analysis of the current-voltage characteristics and the spectral
response of the devices shows how the distinctive geometry and material structure of the
solar cell affect performance parameters (i.e., efficiency, fill factor, open-circuit voltage,
and short-circuit current). Remarkably, pixelated devices on Si have higher efficiency than
metamorphic GaSb solar cells and comparable efficiency to homoepitaxial solar cells at
less than 10% of their real estate.
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3.1 PIXELATED SOLAR CELLS
Pixelated solar cells (PSCs) are based on single-crystalline membranes or nanomembranes
that have been patterned in a two-dimensional (2D) array of pixels. The thickness of a PSC
is at most a few m and the lateral dimensions of individual pixels are in the range of 50500 m, i.e., between 2 and 4 orders of magnitude lower than the size of a standard solar
cell. There is no fundamental limit on the lateral extent of the 2D array. Fabrication of
PSCs relies on epitaxial growth of a high-quality PV absorber on a buried sacrificial layer
on a handle substrate. The growth occurs over a large-area substrate. Upon pixelation, the
absorbers are released from the growth substrate via epitaxial lift-off (ELO) and transferred
onto a metallized host. The bonded semiconductor/metal junction serves as the bottom
contact of the devices. Top contacts are created on the surface of the pixels via conventional

Figure 3.1. Cross-sectional schematic view of a pixelated solar cell on arbitrary substrates.
The pixel size ranges from ~50 to 500 m.

top-down processing. Figure 3.1 is a cross-sectional view of a PSC. The unique attributes
of this device architecture are:


a lateral size in the range of 50-500 m;



a thickness of at most a few micrometers;
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a bonded bottom contact that extends across the whole interface between the pixel
and the substrate;



a Fabry-Perot cavity design (the absorber is sandwiched between a metal surface
and air);



photogenerated carriers do not travel through the bulk substrate.

3.2 EXPECTED PERFORMANCE OF PIXELATED SOLAR CELLS. This section states
my hypothesis on how the distinctive attributes of PSCs will affect their performance. I
will initially review the basic operation of a PV device, and I will then define the standard
performance parameters of solar cells. Finally, I will anticipate structure propertyrelationships in PSCs in reference to these performance parameters.
3.2.1. Operation and performance parameters of a solar cell.
The operation of a solar cell (see Fig. 3.2) relies on 4 phenomena: (i) the generation of
electron-hole pairs within the absorber; (ii) the collection of these electrons and holes to

Figure 3.2. Schematic cross-sectional view of a solar cell.

generate a current in an external load; (iii) the production of a large voltage across the solar
cell; (iv) the dissipation of power in the load and in parasitic resistances.
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The generation of a photo-current at the two terminals of a solar cell involves two key
processes. The first process is the absorption of incident photons to create electron-hole
pairs. Electron-hole pairs will be generated in the solar cell provided that the incident
photon has an energy greater than that of the bandgap. However, electrons (in the p-type
material), and holes (in the n-type material) are meta-stable and will only exist, on average,
for a length of time equal to the minority carrier lifetime before they recombine. If the
carrier recombines, then the light-generated electron-hole pair is lost and no current or
power can be generated. A second process spatially separates the electron and the hole by
the action of the electric field existing across the depletion region of the junction.
Specifically, if a photo-generated minority carrier reaches the p-n junction, it is swept on
the other side of the junction by the electric field across the depletion region. If the emitter
and the base of the solar cell are connected through a load or a short circuit, a photo-current
flows through the external circuit.
The collection probability describes the probability that a photo-generated carrier will be
collected and will contribute to the current flowing in the external circuit. The collection
probability depends on the distance that a light-generated carrier must travel to reach the
depletion region of the device. Collection probability also depends on the surface properties
of the device. The collection probability of carriers generated in the depletion region is
unity as the electron-hole pair are quickly swept apart by the electric field and are collected.
Away from the junction, the collection probability drops. If a carrier is generated more than
a diffusion length away from the junction, then the collection probability of this carrier is
quite low. Similarly, if the carrier is generated closer to a region such as a surface with a
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higher density of recombination states than the depletion region then the carrier will
recombine at that particular site and not contribute to the photo-current.
The collection of light-generated carriers does not by itself give rise to power generation.
A positive voltage drop must be also established across the solar cell for it to supply power.
Voltage is created across a solar cell by a process known as the photovoltaic effect. The
collection of photo-generated carriers by the p-n junction causes a movement of electrons
to the n side and holes to the p side of the junction. Under short circuit conditions, there is
no buildup of mobile charges in the quasi-neutral regions because the carriers exit the
device as light-generated current. However, if the solar cell is connected to a resistor, lightgenerated carriers are prevented from leaving the solar cell, which leads to an increase in
the number of electrons on the n side of the p-n junction and a similar increase of the
number of holes in the p-type material. These excess mobile carriers on the n and the p side
create an electric field that counteracts the one arising from fixed charges in the depletion
region. As a result, the diffusion current increase. A new equilibrium is reached in which
a voltage exists across the p-n junction. Power is supplied by the solar cell as the product
of the voltage across the p-n junction and current the provided by the device under
illumination.
The current-voltage (IV) characteristic of a solar cell is the superposition of the IV
characteristic of the solar cell diode in dark condition with the light-generated
current.[1] The light has the effect of shifting the IV curve down into the fourth quadrant
where power can be extracted from the diode. The IV characteristic of a solar cell
(neglecting any series and shunt resistances) is described by Eq. 3.1

43

𝑞𝑉

𝐼 = 𝐼0 [𝑒 𝑛𝑘𝑇 − 1] − 𝐼𝑠𝑐 , (Eq.3.1)
where I0 is the saturation current of the diode, 𝑞 is the elementary charge, 𝑉 is the voltage
across the device, 𝑘 is Boltzmann’s constant, 𝑇 is the operating temperature of the device,
𝑛 is the ideality factor of a diode, and 𝐼𝑠𝑐 is the photocurrent generated by the solar cell
when the base and the emitter are shorted.
Figure 3.3.shows the typical current density-voltage characteristic of a solar cell in dark
condition and under illumination.

Figure 3.3. Current density-voltage (JV) characteristics of a solar cell under dark (blue curve)
and under illumination (red) conditions. The power supplied by the solar cell is also plotted
as a green line at varying voltage.

Characteristic performance parameters such as the short-circuit current density (Jsc) and the
open-circuit voltage are specified within the plot in Fig. 3.3.
The short-circuit current (𝐼𝑠𝑐 ) is the current through the solar cell when the voltage across
the solar cell is zero (i.e., when the solar cell is short-circuited). The ISC depends on the
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area of the device, the spectrum of the incident light, the absorption coefficient of the
absorber and the collection probability of the solar cell, which in turns is determined by the
recombination rate at the surface and the minority carrier lifetime in the base.
The open-circuit voltage (Voc) is the maximum voltage available from a solar cell, and this
occurs at zero current. The Voc corresponds to the amount of forward bias applied to the
solar cell under illumination, and when the two terminals of the device are connected to an
open circuit. From Eq. 3.1 with I=0
𝑉𝑜𝑐 =

𝑛𝑘𝑇
𝑞

𝐼

𝑙𝑛(𝐼𝐿 − 1) (Eq.3.2)
0

At a temperature T and for a given material, the Voc depends on the saturation current of
the solar cell and the light-generated current, which in turn is determined by the
recombination in the solar cell and the area of the device.
The short-circuit current and the open-circuit voltage are the maximum current and voltage
that characterize a solar cell, and they directly determine the fill factor (FF) of the PV
device as
𝐹𝐹 =

𝑉𝑚𝑝 𝐼𝑚𝑝
𝑉𝑜𝑐 𝐼𝑠𝑐

, (Eq.3.3)

where Vmp and Imp are the voltage and current yielding the maximum obtainable power
from the solar cell (see the green curve in Fig. 3.3.). The FF is then a measure of the
maximum attainable power with respect to the maximum theoretical power (𝑉𝑜𝑐 𝐼𝑠𝑐).
Finally, the efficiency of a solar cell is the ratio between the electrical power supplied to
an external load and the optical power provided by the sun. In addition to reflecting the
performance of the solar cell itself, the efficiency depends on the spectrum and intensity of
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the incident sunlight and the temperature of the solar cell. Therefore, conditions under
which efficiency is measured must be carefully controlled to compare the performance of
different devices. Terrestrial solar cells are measured under AM1.5 conditions and at a
temperature of 25°C. The efficiency (𝜂) is calculated as
𝜂=

𝑉𝑜𝑐 𝐼𝑠𝑐 𝐹𝐹
𝑃𝑖𝑛

(Eq.3.4)

For a given bandgap and temperature, both efficiency and fill-factor depend on the area of
the device and generation and recombination rates within the solar cell. Additionally, the
FF and 𝜂 are limited by parasitic resistive losses in parallel and in series with the p-n
junction.
A primary goal in the design and fabrication of a solar cell is to maximize all performance
parameters, namely 𝜂, 𝐹𝐹, 𝑉𝑜𝑐, 𝑎𝑛𝑑 𝐼𝑠𝑐. My goal is to fabricate a new solar cell
architecture, as shown in Fig. 3.1. Thus, it is important to anticipate how the distinctive
attributes of PSCs will affect the performance parameter of the device.
3.2.2. Performance parameters in pixelated solar cells.
My hypothesis is that the high perimeter/area ratio (P/A) of PSCs will have a detrimental
effect to all the four performance parameters as a result of a large available number of
recombination site at the perimeter. On the other hand, the Fabry-Perot architecture of the
device may lead to enhanced absorption and generation rate within the solar cells that will
positively impact the ISC, the FF, and 𝜂. The low-density of extended defects in the bulk is
expected to yield a comparable contribution to the performance parameters than in GaSb
solar cells on GaSb substrates. The bonded bottom contact may lead to a significant
parasitic series resistance, which is detrimental to the FF and 𝜂.
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3.3 FABRICATION OF PIXELATED SOLAR CELLS: Here, I detail the fabrication
process of GaSb PSCs onto single-crystalline Si substrates. This process is utilized to
obtain all the pixelated devices of different lateral sizes in the range of ~80-340 m.
Individual pixels in a 2D array are processed in parallel as described below.
Upon epitaxial growth and ELO, the pixelated GaSb membranes were transferred onto
metallized Si, as shown in Fig. 2.4(a)-(d). The metal used in this particular case is a stack
of Ni/Ge/Au (87 Å/560 Å/233 Å). Prior to fabrication of the top contact, a ~500 nm Si3N4
is conformally deposited onto the GaSb/Ni/Ge/Au/bulk Si. The Si3N4 film is expected to
serve three different purposes: (i) it should provide a dielectric barrier between the top and
the bottom contacts of the pixelated cells; (ii) it should act as anti-reflection coating on
GaSb [2]; (iii) it should passivate the reactive GaSb surfaces.[3][4]
The Si3N4 layer was deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD)
at 2500C in an Orion Trion ICP system. The reactant gases supporting deposition were SiH4
(16 sccm), N2 (16 sccm) and Ar (24 sccm). The pressure of the chamber during deposition
was maintained at ~ 10 mT and the deposition rate was calibrated to be ~ 1.2 nm/s. The
refractive index of the dielectric layer is found to be ~1.98 at ~630 nm via ellipsometry.
Upon PECVD, the Si3N4 layer was selectively removed atop the surface of the pixel to
fabricate top metal contacts. Top contacts were created as individual fingers that stretched
from a large pad to the GaSb surface. The contact pads are on top of the Si3N4 layer. (see
Fig. 3.4 (f)). Top contacts were fabricated by contact lithography, e-beam evaporation, and
metal lift-off. The e-beam deposition rate was ~ 1nm/s, and the metal stack comprised Ti
(500 Å)/Pt (500 Å)/Au (2000 Å) where Ti was in contact with the GaSb surface.
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(a)

(c)

(b)

Figure 3.4. Imgaes of pixelated GaSb solar cells. Cross-sectional schematic view (a) and offaxis SEM of a GaSb pixelated solar cell on a Si substrate. (c) Top-view optical micrograph of
four different devices that have been processed in parallel

A schematic cross-sectional view and an off-axis scanning electron microscope (SEM)
image of a pixelated PV device are shown in Fig. 3.4 (a) and (b), respectively. Figure 3.4(c)
is a top-view optical micrograph of four PSCs that were processed in parallel on a Si
substrate.

Figure 3.5. Optical micrographs of pixelated GaSb solar cells of different sizes. From left to
right, the sizes are 85 x 85 m2, 150 x 150 m2, 350 x 350 m2 respectively.

Figure 3.5 shows top-view optical micrographs of PSCs with three different lateral sizes.
3.4 FUNCTIONAL CHARACTERIZATION OF GASB SOLAR CELLS/SI.
I characterized the functional response of pixelated GaSb solar cells/Si through a variety
of measurements. I acquired current-voltage (I-V) characteristics under illumination to
characterize the photovoltaic response of pixelated solar cells. Additionally, I have
measured the spectral response of the pixelated devices to determine the external quantum
efficiency (EQE) of the GaSb solar cells around the expected energy of the bandgap.
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Reflectance measurements were also performed in the same wavelength range to determine
how the pixelated device design affects light absorption about the bandgap.
I extracted the performance parameters of PSCs from the photocurrent density-voltage (JphV) characteristics of at least ten devices per each investigated lateral size. The architectures
of the characterized devices are shown in Fig. 3.6(a) -(b). Typical Jph-V curves are plotted
in Fig. 3.6 (c). I measured GaSb devices with areas of ~ 85 x 85m2, ~150 x 150 m2,
and ~340 x 340 m2 respectively. The reference cell was a ~5 x 5 mm2 GaSb cell on GaSb
substrate.
Solar cells under 1sun illumination were characterized under AM1.5G solar spectrum
simulated by a Xe-arc lamp. The lamp was calibrated by adjusting the Jsc of the large-area
device to the value obtained by integrating the measured EQE of the cell. Specifically, the
EQE of the calibration cell was measured at the National Renewable Energy Laboratory
(NREL) using certifiable methods. A Jsc of ~28 mA/cm2 was obtained for the reference
GaSb cell by integrating the measured EQE. The intensity of the solar simulator was then
adjusted so that the Jsc of the calibration cell was ~31 mA/cm2, i.e., closely matching the
extracted value from the independent measurement of the EQE. All photovoltaic devices
were characterized within ~30 min from the calibration of the Xe-arc lamp.
Remarkably, a Jsc of 26 ± 3 mA/cm2 was measured from ~340 x 340 m2 pixels, which is
comparable to what was probed for the reference bulk cell (see Fig. 3.6(c)). The high Jsc of
PSCs originates from a Fabry-Perot (FP) effect within the GaSb thin-film. Briefly, the
metalized Si acts as a back-reflector of incident light leading to multiple passes of photons
into the absorber and enhancement of Jsc [5],[6]. I demonstrated the FP effect in the
fabricated devices by measuring the spectral response and calculating the corresponding
49

external quantum efficiency (EQE) of a selected ∼340 × 340 μm2 device. Details of the
measurement setup and procedures are reported in Appendix B. Figure 3.6(d) shows that
the EQE of the characterized device matches the values reported by Lumb et al. [8] for a
GaSb solar cell. Additionally, resonance features are detected at lower wavelengths than
the GaSb energy gap. The cavity effect is also visible in the measured reflectance (R)
spectrum of GaSb film/metallized Si. The inset in Fig. 3.6 (d) shows interference fringes
in the reflectance of transferred GaSb, leading to a ∼20% higher absorption than in the asgrown film on the GaSb substrate at selected wavelengths below the GaSb band gap.
The average performance parameters calculated for at least ten PSCs per each size are
plotted in Fig. 3.7 vs. the lateral size of the pixels. Fill factor and efficiency were calculated
using Eqns. 3.3 and 3.4, where the maximum attainable power (𝑃𝑚𝑎𝑥 ) was calculated from
the maximum value of the product of Voltage(V) x Current (I) under illumination
characteristics, and the incident optical power (𝑃𝑖𝑛 ) was measured to be ~ 0.1 W/cm2.
The origin of the Jsc has been discussed earlier. A Voc~0.18, a FF of ~ 45%, and an
efficiency (ƞ)of ~ 2.8% were extracted for devices with ~340 m lateral size (see Table
3.1). These performance metrics are also comparable to the values that I calculated for the
reference bulk GaSb cell, and they represent an improvement with respect to what is
reported in the literature for metamorphic GaSb solar cells on GaAs substrates.[2], [7]–[9].
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However, both Voc and FF show a systematic decrease at increasing perimeter/area ratio of
the solar cell.

Figure 3.7. Performance parameters of the characterized pixelated devices and large-area bulk
cells. Average values and error bars were extracted from the measured current-voltage
characteristics under illumination for at least ten PSCs.
Table 3.1: Summary of performance parameters of GaSb solar cells
Illuminated area (cm2)
7.1x10-5 + 3.8x10-7
(85 m pixel)

Jsc (mA/cm2)

Voc (V)

FF (%)

 (%)

15.9 + 3.9

0.07 + 0.01

26 + 4

0.6 + 0.3

18.1 + 1.9

0.11 + 0.02

35 + 5

1.0 + 0.25

26.4 + 2.9

0.18 + 0.02

43 + 5

2.4 + 0.6

31.5 + 0.5

0.26 + 0.01

62 + 2

3.8 + 0.2

2.3x10-4 + 3.2x10-6
(150 m pixel)
1.0x10-3 + 5.9x10-5
(340 m pixel)
0.24 + 2.5 x10-7
(5 mm bulk cell)
As discussed in section 3.2, a decrease in the Voc, FF, and  could be related to an increase in
recombination within the device and/or electrical transport through parasitic paths. Chapter 4
provides insight on the origin of lower performance in PSCs at increasing P/A through a structureproperty-relationship study.
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CHAPTER 4
Structure-property Relationships in Pixelated GaSb Solar Cells
This chapter presents results of my studies to establish structure-property relationships in
pixelated GaSb solar cells. For this purpose, I have utilized current-voltage measurements
on variable area diode arrays (VADAs) to determine the contribution of both the bulk and
the perimeter of the device to the effective zero-bias resistance. I have then correlated the
extracted properties to the structure of surfaces and interfaces within the device.
My findings suggest a path forward to optimize performance of pixelated solar cells via
surface passivation and careful design of the bottom contact.
Additionally, this chapter shows results of variable temperature I-V measurements for a
selected pixel size. Exceptionally high ideality factors suggest that non-ideal effects are
dominant. A modeling effort of the device characteristics at different temperatures is
ongoing to identify the physical phenomena underlying the electrical response of pixelated
solar cells.
4.1. CHARACTERIZATION OF VARIABLE AREA DIODE ARRAY (VADA)
STRUCTURES.
Leakage mechanisms through the surface and the bulk can be characterized from analysis
of dark current-voltage characteristics for diodes of various P/A ratios. This technique is
known as the variable area diode array (VADA) analysis. Figure 4.1 schematically shows
two electrical transport paths in a two-terminal device, namely a conduction channel
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Figure 4.1. Schematic illustration of the perimeter and bulk conductive paths within a vertical
device.

through the bulk and a conduction channel through the perimeter. Based on the model of
Fig. 4.1, the inverse of the zero-bias resistance-area product of a vertical diode can be
approximated by
1
(𝑅0 𝐴)𝑒𝑓𝑓

=

1
(𝑅0 𝐴)𝐵𝑢𝑙𝑘

+

1 𝑃
𝜌𝑠 𝐴

(Eq.4.1)

where, (𝑅0 𝐴)𝑒𝑓𝑓 (Ω cm2) is the effective resistance-area product for the pixel, 𝑅0 𝐴𝐵𝑢𝑙𝑘 (Ω
cm2) is the bulk contribution to (𝑅0 𝐴)𝑒𝑓𝑓 and 𝜌𝑠 (Ωcm) is the surface resistivity. The
transport through the perimeter and the bulk conductive paths of a diode can be quantified

Figure 4.2. Dark-current density-voltage characteristics of pixelated cells. A large-area bulk
cell is also measured as a reference.
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by plotting the reciprocal of the effective dynamic resistance-area product (𝑅0 𝐴)𝑒𝑓𝑓 at zero
bias vs. perimeter-to-area ratio (P/A) for diodes of different P/A. The slope of this curve
will be the reciprocal of the surface resistivity, and the intercept of the curve with the y
axis will give the reciprocal of the zero-bias resistance-area product in the bulk. [1]
The VADA analysis that I conducted within my work is based on measured dark currentvoltage (Idark-V) characteristics for pixels of three lateral sizes, namely ~85 m (P/A – 477
cm-1), ~150 m (P/A – 250 cm-1), and ~340 m (P/A – 116 cm-1).
Idark-V characteristics were acquired on a standard four-probe setup and a HP 4155B
semiconductor parameter analyzer. A more detailed description of this setup is reported in
Appendix B. Figure 4.2 shows the dark current density vs. voltage characteristics for
pixelated GaSb cells of various sizes and a ~5x5 mm2 bulk GaSb cell as a reference.
Pixelated devices show a typical diode behavior with a turn-on voltage of ~0.2-0.3 V.
Remarkably, the Jdark for a ~ 340x340 m2 GaSb pixel/Si and the ~5x5 mm2 bulk cell differ
by less than one order of magnitude. A higher dark current in the smaller pixels suggests
that electrical transport through the sidewalls (or perimeter) is partly responsible for
leakage within PSCs.
I calculated the effective dynamic resistance at zero bias from the dark current-voltage
characteristics for each pixel size as
𝑅0 =

𝑑𝑉

|

𝑑𝐼 𝑉=0

(Eq.4.2)

Figure 4.2 plots the inverse of zero-bias resistance-area product (1/R0A) as a function of
P/A ratio. By performing a linear fit to the experimental data, I extracted 𝜌𝑠 = 3.5 Ω cm
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Figure 4.2. Inverse of the zero-bias resistance (1/R0A) vs P/A, where P and A are the perimeter and
area of the pixels as measured by optical microscopy. The zero-bias resistance is extracted from the
Jdark-V characteristics for three different sizes of the pixelated cells.

and 𝑅0 𝐴𝐵𝑢𝑙𝑘 = 26.3 Ω cm2. The extracted indicate that surface leakage is dominant in
pixels [2][3] and that low resistance paths exist both through the bulk and the perimeter
[4][5]. Thus, an approach is needed to minimize leakage through both the surface and the
of the device. Understanding and precise control of the material properties at the nanoscale
is crucial to achieving this goal. Therefore, I investigated the physical and chemical
attributes of PSCs as detailed in the following section. Based on these results, I propose a
strategy to minimize leakage through both the bulk and the surface of the device. This
approach will be described in Chapter 5.
4.2 SURFACES AND INTERFACES IN PIXELATED SOLAR CELLS
Here I report and discuss the results of structural characterization of GaSb PSCs on Si
substrates. The goal of my study was to determine structure-property relationships in PSCs
and rely on this information to minimize leakage in these novel devices. I have already
established that electrical transport through the surface and bulk are both significant in
PSCs, with the surface contribution being slightly higher. Transport through the bulk and
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the surface may follow a diffusion pathway or recombination, with the recombination
pathway being responsible for leakage. The goal is then to minimize recombination
pathways both in the perimeter and in the bulk of the device. Leakage through the bulk is
affected by the density of extended crystallographic defects in the bulk, and any electronic
trap states originated at the top surface and at the bonded interface between the GaSb pixel
and the metalized substrate. I have shown in Chapter 2 that the GaSb pixels have excellent
crystalline quality, i.e., comparable to the one of the single crystalline GaSb substrate.
Thus, I will focus on the structural characterization of the top surface and the bonded
interface of the pixelated devices.
Leakage through the surface is affected by electronic trap states at the perimeter of the
PSCs. Thus, I will determine the physical and chemical structure of the interfaces at the
sidewalls of the devices.
I performed structural characterization by X-ray photoelectron spectroscopy (XPS), crosssectional scanning and transmission electron microscopy (X-SEM and X-TEM), and
energy dispersive X-ray spectroscopy (EDS). These techniques are described in detail in
Appendix B.
4.2.1. Transmission Electron Microscopy and Energy Dispersive X-ray Spectroscopy
of the interfaces in Pixelated Solar Cells
Transmission electron microscopy was performed on a lamella that I fabricated via focused
ion beam (FIB) at the region marked by the dashed line in the inset of Fig. 4.3. A thick
lamella was initially prepared using an accelerating voltage of 30 KV and a probe current
of 1 nA. The lamella was then welded to a micromanipulated probe using a Pt sauce
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Figure 4.3. Low resolution TEM image of a lamella fabricated by FIB at the region specified
by the dashed line in the inset.

deposition. Upon being transferred to a TEM grid, the lamella was thinned to ~50-70 nm
to make it electron transparent. For this purpose, I performed milling at 10 and 15 KV with
a probe current of 0.1 and 0.5 nA, respectively. FIB milling was performed on an FEI dual
beam set up. The electron transparent lamella was imaged in a TEM (Titan ® by FEI)
system. The TEM grid was placed on a double-tilt axis holder so that the images would be
acquired on an appropriate zone axis (i.e., the (220) zone axis). Hence, the sample was
tilted until the (220) zone axis was identified from the diffraction pattern of GaSb.
Figure 4.3 is a cross-sectional TEM (X-TEM) image of the lamella, which shows all the
different layers and interfaces between the top contact of the device and the Si substrate. I
performed high-resolution TEM (HR-TEM) of the top and bottom interfaces labeled in Fig.
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4.4 to determine their nanoscale structure. Elemental analysis across the interfaces was
done by EDS.
Top (Sidewall) interface. I initially investigated the top interface between Si3N4 and GaSb.
This interface was created via PECVD of Si3N4 upon exposure of the GaSb surface to an

Figure 4.4. Cross-sectional bright-field TEM image of Si3N4/GaSb
interface.

HCl solution. From this analysis, I also draw conclusions about the Si3N4/GaSb on the
sidewalls of the pixels. A reasonable assumption is that top and sidewalls interfaces have
the same structure based on the fabrication process of PSCs described in Chapter 3.
However, additional investigations are needed to verify this hypothesis.
The bright-field HR TEM image in Fig. 4.4 shows a mixed amorphous and polycrystalline
interface with a thickness of ~ 4 nm. This mixed interface is attributed to the presence of
native oxides of GaSb. To characterize the chemical species at this interface, I performed
an EDS line scan from the Si3N4 into the GaSb. Figure 4.5(a) is a cross-sectional image of
the GaSb/Si3N4 interface in scanning transmission electron microscope (STEM) mode,
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Figure 4.5. Chemical analysis of GaSb/Si3N4 interface. (a) Cross-sectional STEM image of the
GaSb/Si3N4 interface (b) EDS line scans acquired along the red line shown in (a).

which is used to perform a chemical analysis of the materials via EDS. Figure 4.5 (b) shows
the EDS line scan along the red line in Fig. 4.5 (a). The region between the two dotted line
in Fig. 4.5(a) and (b) is assigned to the interface. The EDS line scans show a gradual
increase in the Sb and Ga intensity profiles across the interface. Concurrently, the N
intensity profile undergoes a decay when moving away from the Si3N4 and into the GaSb.
The Si intensity decreases up to the middle of the interface and then it plateaus. HR-TEM
and EDS both suggest that the interface is not abrupt, and EDS indicates that a mix of Ga,
Sb, Si, N, and O is present between the single-crystalline GaSb and the Si3N4. In later
section I will provide further insight on the chemical structure of this interface using XPS.
Bottom interface. I investigated the interface between the GaSb membrane and an alloyed
Ni/Ge/Au film. The interface was created by placing the released GaSb pixels in contact
with the metal surface and performing annealing under pressure at 250° C. The GaSb and
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the metal surfaces underwent an oxygen plasma treatment before being placed in contact.
The purpose of the oxygen plasma treatment was to remove any residual photoresist
originating from previous processing steps.

Figure 4.6. Chemical analysis of the bonded GaSb/Ni/Ge/Au interface. (a) low-resolution
STEM image showing a non-uniform thickness of the interfacial layer (b) Elemental EDS line
scans acquired along the black line, shown in (a).
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From the cross-sectional STEM (X-STEM) image in Fig. 4.6(a), the bottom interface
includes a region of uniform thickness in close proximity of the GaSb membrane and a
region that exhibits high roughness on the metal side of the material stack. The EDS line
scans in Fig. 4.6(b) show a preponderance of O and Sb at the interface. The intensity of the
O and Sb peaks is higher in the proximity of the metal and the GaSb layers, respectively.
Ga and Ni are also tapering into the interface. Based on the EDS line scans the smoother
“layer” in Fig. 4.6(a) can be attributed to a native oxide. The interface region with nonuniform thickness is rich in O, Ni, and Ge. Hence it might correspond to a metal oxide.
I performed X-TEM in bright field mode to gather additional information on the physical
structure of the GaSb/Ni/Ge/Au interface. The TEM images in Fig. 4.7(a) and (b) rule out
the presence of voids at the interface. Figure 4.7(b) shows that an amorphous layer of nonuniform thickness is present between the single-crystalline GaSb and the polycrystalline
metal. As in Fig. 4.6(a), one can distinguish two regions: one with a more uniform thickness

Figure 4.7. Structural analysis of the bonded interface of the GaSb pixel. Low-resolution (a)
and high resolution (b) TEM images of a bonded GaSb/Ni/Ge/Au interface.

and the other which is characterized by long-range roughness. Based on the EDS line scans
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in Fig. 4.7(b) and the HR TEM in Fig. 4.8(b) we attribute the amorphous layer to a
combination of native Ga2O3, Sb2O3, and metal oxides[6][7].
4.2.2. Characterization of the top surface of GaSb via X-ray photoelectron
spectroscopy.
I performed XPS analysis of the top GaSb surface within the area enclosed by the dashed
line in the inset of Fig. 4.9(a). This surface was prepared by PECVD of Si3N4 on a
transferred GaSb pixel onto Si and subsequent opening of windows in the Si3N4 via
photolithography and dry etching. Fluorine chemistry was used during dry etching. XPS
was performed after enough time for native oxides to form on the GaSb surface. I
performed XPS of the GaSb surface to draw conclusions on the chemical structure of the
Si3N4/GaSb interface at the sidewalls. Figure 4.8 (a)-(c) shows the core level XPS spectra
of Sb (3d), Ga (3d), and N (1s). The spectrum of Sb (3d) in Fig. 4.9 (a) is dominated by
peaks at 540.1, 537.8, and 537.1 eV that correspond to Sb−O, Sb−Sb, and Sb−Ga bonds,
respectively.[8]-[12] These peaks are attributed to the presence of the Sb2O3, Sb clusters at
the interface of the surface oxide and the GaSb membrane, via fitting of the 3/2 and 5/2
peaks Sb-Sb and Sb-O. [13]–[16]
The Ga (3d) spectrum is shown in Fig. 4.9(b). The peaks at 18.3 eV and 20.9 eV are indexed
to Ga-Ga and Ga-O bonds in Ga2O3, respectively.[7], [10], [14] The peak at 19.4 eV
corresponds to Ga-N bonds, suggesting that GaN is present on the surface as a result of the
blanket Si3N4 deposition that was performed before etching windows in the dielectric. The
N(1s) spectrum in Fig. 4.8(c) confirms the presence of Ga-N on the surface.
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Figure 4.8. Core level XPS spectra of various elements on the top surface of the GaSb pixel.
Measurements were performed on a ~340x340 m2 pixel within the area enclosed by the dashed
line in the inset of (a). XPS measured and spectra and relative fitted curves are plotted for (a)
Sb (3d), (b) Ga(3d), and (c) N (1s) lines.

In summary, XPS shows that the top-GaSb surface comprises Sb2O3, Ga2O3, GaN, and Sb
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clusters at the interface between Sb2O3 and Sb. Based on these findings, I anticipate that
GaN and Sb clusters are the dominant species at the top and sidewall Si3N4/GaSb interface
of the pixels. As a reminder, the sidewall and the top surface had been treated in an HCl
based solution to remove the native oxides before PECVD of Si3N4. Thus, I expect the
native oxide to either not be present or have a reduced thickness at this interface.
4.3 ONGOING EFFORTS TO IDENTIFY LEAKAGE MECHANISMS IN PIXELATED
SOLAR CELLS
4.3.1 Augmented Double Diode model for a Pixelated Solar Cell
The results of the structural characterization of surface and interfaces in PSCs suggest that
leakage in the diode may relate to a shunt and a series path that arise at the perimeter and
the bonded interface, respectively. Sb clusters and residual native oxide at the interface
between the GaSb sidewalls and Si3N4 may be responsible for leakage through the
perimeter. On the other hand, the complicated structure of the GaSb/Ni/Ge/Au bonded
interface will result in a unique leakage mechanism in series with the p-n junction. Thus, I
hypothesize that the electrical response of a pixelated solar cell can be approximated by

Figure 4.9. Augmented double diode model to represent the leakage mechanisms in
pixelated GaSb solar cells
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the lumped circuit in Fig. 4.9. The contributing mechanisms to the shunt and series leakage
paths are unknown at this point. The VADA analysis described in section 3.1 suggests that
a shunt path through the surface will primarily determine the dark current, but it provides
no information about the physical mechanisms of electrical transport.
In the first approximation, the transport mechanisms that determine the dark current density
in PSCs can be qualitatively identified by: (i) performing dark current-voltage
measurement at different temperatures; (ii) fitting the measured characteristics to extract
the parameters of the equivalent circuit in Fig. 4.9; (iii) analyzing the temperature
dependence of the extrapolated series and shunt resistance; (iv) identifying transport
mechanisms that explain the trend of series and shunt resistance vs. temperature and at the
same time can be justified by the structural characterization that I have detailed in sections
4.2.1 and 4.2.2.
4.3.2 Variable temperature current-voltage measurements
Dark-current-voltage characteristics (Idark-V) were acquired from the pixelated solar cells
at various temperatures to provide a deeper insight into mechanisms of leakage in PSCs.
For this study, I focused on ~340x340 m2 pixels, i.e., the devices that showed the best
performance under illumination. Figure 4.10 (a) shows the dark-current density-Voltage
(Jdark-V) characteristics acquired at different temperatures between 77K and 294 K.
I have calculated the ideality factor from the curves in Fig. 4.10(a) using the Eq. 4.3 as
[17]-[18]

𝑛=

𝑑𝑉

𝑞

𝑑𝑙𝑛(𝐽𝑑𝑎𝑟𝑘 𝐴) 𝑘𝑇

, (Eq. 4.3)

where I is the current through the diode, V is the voltage across the diode, I0 is the saturation
current, n is the ideality factor, T is the temperature in Kelvin, q is the elementary charge,
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and k is the Boltzmann’s constant. To interpret the trend in Fig. 4.10 (b), one needs to
consider what the ideality factor describes and what determines the n vs. V trend. The
ideality factor quantifies how closely a diode follows the ideal diode equation [17]
𝑞𝑉

𝐼 = 𝐼0 [𝑒 𝑘𝑇 − 1], (Eq. 4.3)
where I0 is the saturation current, and all other parameters have been defined previously.
The model of Eq. 4.3 along with the Sah–Noyce–Shockley theory [17] accounts for the
ideality factor vs voltage trend shown in figure 4.11. In a typical real p-n junction at
moderate voltages, the rectifying behavior is dominant. On the high end of this voltage

Figure 4.10 Temperature-dependent behavior of pixelated solar cells (a) Typical dark-current
density -voltage characteristics acquired at different temperatures from a 340x340 m2 pixelated
GaSb cell/Si. (b) Extracted dynamic resistance vs voltage from the curves in (a).

range, band-to-band recombination of minority carriers in the quasi-neutral regions of the
junction is responsible for transport. This type of current gives an ideality factor of 1.0 as,
at moderate voltages, the diode is under low-level injection. As the voltage decreases,
recombination of carriers in the space charge region, mediated by recombination centers
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Figure 4.11 Typical behavior of ideality factor as a function of voltage for a solar cell indicating
three regions of operation. [Courtesy: PVeducation.org]

within the bandgap, results in an ideality factor of 2.0. Outside of this moderate voltage
range the ideality factor is determined by the shunt resistance (at low voltage) and by the
series resistance of the device (at high voltage).
Figure 4.10(b) shows that PSCs exhibit ideality factors greater than two in all the
investigate voltage and temperature ranges, with an increasing ideality factor at decreasing
temperature. Higher than two ideality factors indicate that diffusion and recombination in
the p-n junctions are not the dominant paths of carrier transport within PSCs. Therefore,
extensive modeling of the dark-current characteristics is needed to identify non-ideal
effects in PSCs at different temperatures.
Different mechanisms of electrical transport can be quantified by modeling the dynamic
resistance-voltage (Rd-V) curves at different temperatures.[19-23] The choice of modeling
the dynamic resistance relates to the fact that variation in Rd in response to dark current
contributing mechanisms are more significant than variation of the dark current itself.
The dynamic resistance-voltage curve of a diode at a given temperature was obtained by
extrapolating the reciprocal of the slope of the current-voltage characteristics at different
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Figure 4.12. Dynamic resistance-voltage characteristics of pixelated GaSb solar cells

temperatures. Details of the measurements setup and procedure are reported in Appendix
B. Figure 4.12 shows the calculated Rd-V characteristics. Initial attempts to modeling the
Rd-V curves in forward bias were performed with a double diode model and a shunt path
originating from perimeter recombination. The series resistance was calculated from the
illumination characteristics and lumped into each diode element as series resistance
corrected voltage (V+IRs). My initial model was not able to describe the Rd-V curves
between 77 K and 294 K, suggesting that additional transport mechanisms need to be taken
into account. A new effort is ongoing to approximate the Rd-V characteristic with a model
that takes into account diffusion and recombination through the p-n junction, perimeter
recombination, and non-ideal mechanisms of transport at the GaSb/Ni/Ge/Au interface.
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CHAPTER 5
Summary and Future Directions
5.1 DISSERTATION SUMMARY
In this dissertation, I have designed and demonstrated a process to isolate GaSb epitaxial
layers from lattice-matched GaSb substrates. The approach is based on epitaxial lift-off of
homoepitaxial GaSb films and thus it preserves the growth substrates while yielding highquality single-crystalline GaSb membranes. Reducing the lateral size of the membrane to
~50-500 m and applying an all-around protective layer is key to the success of this
process.
Isolation of GaSb membranes enabled fabrication of GaSb solar cells with unique attributes
on single crystalline Si. The fabricated GaSb device on Si have a lateral size ranging from
~85 m to ~340 m and a thin-film architecture as the two metal contacts are created at
the top and bottom surfaces of the absorber. Finally, pixelated solar cells embed a FabryPerot cavity, which is responsible for photon recycling in the device and enhanced
generation of electron-hole pairs.
The performance of pixelated GaSb solar cells on Si are significantly better than the ones
reported for inverse metamorphic solar cells and comparable to the ones extracted for
homoepitaxial solar cells on GaSb substrates, even at less than 10% real estate of the
absorber.
I also performed a detailed structure-property relationship study to determine how unique
surface and interfaces in the fabricated solar cells may create leakage paths in the devices
and thus affect their electrical response.
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Using a variable area diode analysis (VADA), I have determined the surface and the bulk
contributions to the effective resistance-area product to be ~3.5 cm and ~26 cm2,
respectively. Next, I performed structural characterization of the devices to correlate the
extracted values of surface and bulk resistivities (or resistances) to the unique attributes of
a pixelated solar cell.
Investigation of the structure of surface and interfaces in pixelates solar cells provided the
following results. The bottom GaSb/Ni/Ge/Au interface, which is fabricated by bonding a
GaSb membrane onto metallized Si, is oxygen rich and amorphous. Chemical analysis
suggests that native Ga and Sb oxides along with metal oxides may be responsible for the
structure of this interface. The GaSb/Si3N4 interfaces at the sidewalls and the top surface
are also amorphous and show a mixed composition of Ga, Sb, Si, N, and O. Detailed
chemical analysis via XPS indicates that GaN and Sb cluster may be the dominant species
at the GaSb/Si3N4.
From the structural characterization of the GaSb solar cells on Si, I concluded that the
sidewalls and the bottom interfaces may be responsible for the GaSb photovoltaic absorber
to deviate from its ideal behavior. Modeling of variable temperature device characteristics
is ongoing to determine the contributing mechanisms to the leakage in pixelated solar cells.
Based on my findings, a path forward can be designed to improve performance of pixelated
GaSb solar cells through, for instance, effectively passivating the perimeter of the device
and removing any barrier layer at the bottom GaSb/metal interface.
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5.2 FUTURE DIRECTIONS
Based on the results of this work, there are several future research opportunities that would
focus on design, synthesis, and applications of pixelated solar cells. I highlight a few such
topics here.
5.2.1 Synthesis and Structural Characterization of GaSb membranes


Establishing Reliable and Reproducible Processes to Isolate Large-area and Homoepitaxial GaSb membranes via Epitaxial Lift-off (ELO).

In my research work I circumvented the limitations associated with ELO of GaSb
membranes by reducing their lateral size to a few hundred micrometers or less and
“encapsulating” the membranes with a protective layer. I have shown that photoresist in
combination with a ~20 nm-thick InAs etch-stop layer allows isolating pixelated
membranes but it also leads to a partial erosion of GaSb from the sidewalls. This effect is
not detrimental in small-area membranes, which are only exposed to the etching solution
for a relatively short amount of time.
To isolate large-area membranes a new protective layer needs to be designed and
optimized. Possible options for the capping layer are crystalline polymers, such as
parylene, amorphous Si, ZrN, various types of metals, etc. Optimization of the ESL is also
required for a successful transfer of large-area GaSb membranes. The growth conditions to
maximize the thickness of the InAs ESL while still maintaining lattice matching will have
to be determined.
Finally, I propose that isolation of large-area and homo-epitaxial GaSb membranes can be
realized through an approach that leverages remote epitaxy through graphene.[1] Pseudomorphic growth of III-As semiconductors on GaAs substrates coated with graphene has
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been demonstrated. It has also been shown that epitaxy on layered or two-dimensional (2D)
materials is mediated by weak van der Waals interactions. [1] Therefore, large-area and
homo-epitaxial GaSb membranes could be obtained by remote epitaxy of GaSb on GaSb
substrates (using graphene as an intermediate layer) and peeling off the GaSb with an
adhesive stamp. The main research tasks to be performed here would be establishing the
remote epitaxy of GaSb and optimizing the dry transfer process (via, for instance,
controlling the peeling rate and the peeling angle) to prevent formation of cracks in the
large-area membrane. The same process could also be applied to pixels.


Characterizing Defect Density. Throughout this work, I emphasized that GaSb

membranes were free from additional extended defects upon release and transfer to a new
host. I used XRD to establish a qualitative measure of the crystalline of the membranes
upon transfer onto a new carrier. However, to obtain an accurate measurement of the defect
density in such membranes, methods that are able to measure very low defect densities are
needed, e.g., defect etching or X-ray topography.
In defect etching, chemical etching of the material occurs much faster at crystalline defects
like threading dislocations, misfit dislocations, and stacking faults leaving pits or trenches
in the material. Once the material is etched properly, the defect density is obtained from
counting the etch pits created by the defects by optical electron microscopy depending on
the size of the etch pits.
X-ray topography is also a promising technique, and it has the advantage of being nondestructive. X-ray topography measures deviation from a Bragg condition over a large
sample area (wafer size). Irregularities in the crystalline structure will appear as dark areas
on a 2D detector because the Bragg condition is not met in those regions.
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5.2.2 Pixelated Solar Cells


Improving Performance of pixelated Solar Cells. My research work suggests that

reactive GaSb surfaces at the sidewalls and the interfacial structure of the bottom electrical
contact may be responsible for high leakage currents in pixelated GaSb solar cells. Thus,
effective passivation of the perimeter as well as careful engineering of the bottom contact
of the device are needed to improve the performance of pixelated solar cells.
Complete removal of native oxides before applying a passivating agent to the GaSb surface
is crucial to achieving an effective passivation. I propose to investigate two passivation
processes wherein native oxides are removed in situ via plasma etching and immediately
before the deposition of the passivating agent. One possibility is to use an in-situ H2 plasma
to remove native Ga and Sb oxides and deposit Al2O3 via atomic later deposition . [2] [3].
Another option is to utilize an in situ N2 plasma treatment prior to the deposition of Si3N4
via plasma-enhanced chemical vapor deposition (PECVD) .[4]
The second area of performance improvement for pixels deals with the bonded GaSb/metal
interface. I have shown that the bonded GaSb/metal interface is free of voids and defects,
which reinstates the viability of membrane bonding to create an electrical contact.
However, the presence of an interfacial dielectric barrier leads to a non-ideal carrier
transport and hence high ideality factors of the pixelated diodes. [5]–[9] I suggest that,
before bonding the pixels to the metallized surface, native Ga and Sb oxides are removed
by a combination of wet etching in HCl and N2 plasma. Additionally, the metal surface
could be exposed to an Ar plasma to remove any metal oxide.
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Expanding the Pixelated Design to Photovoltaic Absorbers other than GaSb

It would be beneficial to establish fabrication processes and optimized designs for pixelated
solar cells based on high-quality semiconductors other than GaSb. A top-view optical
micrograph of GaAs pixelated solar cell is shown in Figure 5.1 as an example.

Figure 5.1. Pixelated GaAs solar cells on Si. (a) Photograph of transferred GaAs pixels on a
metal-coated Si substrate. (b) Optical micrograph of four pixelated GaAs solar cells on Si. (c)
Photocurrent density-voltage characteristics of pixelated GaAs solar cells (red line) under 1
sun AM1.5 illumination in reference to the characteristics of a large-area bulk solar cell (black
line).

These structures will be useful in spectrum splitting photovoltaic systems and other lateral
multi-junction solar cells architectures. Furthermore, reducing the release time for thinfilm absorber will potentially limit damage to the active layer and the remnant substrate.
Shorten processing times may also be a viable route to minimize cost.
Fabricating pixelated solar cells based on a given semiconductor absorber will require
establishing a controlled release and transfer process, determining structure propertyrelationships, designing a good surface passivation process, and performing a cost analysis
to evaluate the benefits of pixelated vs. large-area solar cells in terms of $/W.


Designing an Optimized Layout to operate Multiple Pixelated Solar Cells at the Same
Time

In this research work, I characterized the performance of individual pixelated solar cells to
establish the photovoltaic response of these novel devices and the origin of leakage
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currents. In a practical photovoltaic system, individual pixels in a 2D array may be
connected in series, in parallel, or individually biased. An optimal biasing scheme and
layout for the top electrical contacts needs to be established that reduces complexity and
maximizes the efficiency of the 2D array.
5.2.3 Applications of Pixelated III-Sb membranes
Release and transfer of pixelated III-Sb membranes on arbitrary substrates will potentially
enable research to establish novel device architectures. A few possible examples are lateral
multi-junction solar cells, Indium-bump-free infrared detectors, high-efficiency
thermophotovoltaic systems, and high-power infrared lasers. In the following, I describe
how pixelated III-Sb membranes would benefit two selected optoelectronic applications,
namely lateral multi-junction solar cells and infrared photodetectors based on type II
superlattices.
Lateral multi-junction solar cells. Pixelated solar cells will potentially enable very high
efficiency solar cells utilizing lateral multi-junction architectures.[10] Lateral multijunction solar cells promise higher conversion efficiencies and annual energy yield than
those reported for vertical multi-junction cells.[11]–[14] The reasons are briefly described
in Chapter 1. Release and transfer of pixelated photovoltaic absorbers with different
bandgaps will allow lateral integration of several sub-cells on a single substrate. Stacking
pixels of different materials can be achieved by ELO of pixelated membranes followed by
an aligned transfer. Figure 5.2 is a top-view optical micrograph of two arrays of pixels that
I have integrated on a metallized Si substrate. The two arrays comprise single-crystalline
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(a)

(b)

GaAs

GaSb

200 µm
Figure 5.2. Laterally-stacked architectures using pixelated solar cells (a) optical
micrograph showing aligned transfer of GaSb and GaAs pixels monolithically bonded
to a metal coated Si substrate (b) Picture of the monolithically integrated pixels of 1 x 1
cm2 array on a metal coated Si substrate.

GaAs and GaSb pixels. The use of spectrum-splitting optics in combination with sub-cells
of different materials placed side-to-side and independently operated will further increase
efficiency as described in Chapter 1.


Indium-bump-free focal plane arrays. Integration of pixelated III-Sb containing
membranes with a Si substrate will potentially solve several technological
challenges in the fabrication of infrared (IR) optoelectronic devices based on type
II superlattices (T2SLs). Typically, T2SLs are epitaxially grown on GaSb
substrates. However, GaSb substrates absorb much of the incoming or outgoing
radiation in the IR range, thus reducing the signal-to-noise ratio (SNR). In addition,
T2SLs/GaSb substrates are bonded to a Si read-out circuit (ROIC) to realize
infrared focal plane arrays (FPAs). The bonding and electrical connection are
mediated by In bumps. As the detectors-ROIC combination is cryogenically cooled
during operation, the significant thermal mismatch between the GaSb substrate and
the Si ROIC results in structural failure of the imaging device, via cracking of the
absorber or delamination of the detectors from the ROIC. The GaSb substrate is
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routinely removed via chemical-mechanical polishing (CMP) and selective etching
to address this challenge. The trade-off is an increase in manufacturing costs and a
decrease in yield. Transfer of T2SL to Si will eliminate the issue of the thermal
mismatch between the ROIC and the IR detectors, thereby increasing the yield of
the fabrication process. Additionally, In bumps will no longer be required, which
is a tremendous advantage as In is becoming increasingly rare and expensive on
Earth’s crust.
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APPENDIX A-Synthesis and Processing Techniques
This appendix describes the synthesis and processing methods that I have utilized
throughout my research work.
A1. EPITAXIAL GROWTH
The layer structures in my research work are grown by Molecular Beam Epitaxy (MBE)
on epi-ready (001) n-GaSb substrates. MBE is a versatile tool to grow and engineer singlecrystalline semiconductor layers with sub-nm scale precision.[1][2] MBE has the
capability to grow single-crystalline ternary and quaternary alloys of group III-V
semiconductors with precise control on their composition. [3][4] Additionally, a controlled
amount of impurities can be introduced in the films during growth. Figure A.1
schematically illustrates the layout of a system to perform MBE.
The system typically consists of two chambers, namely a load-lock chamber and a growth
chamber. Samples are mounted on a chuck and are introduced in the load-lock chamber.
The samples are baked at lower temperatures (~ 2000C) in low vacuum (~ 10-3Torr) within

Figure A1. Schematic view of an MBE system
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the load-lock chamber. Next, they are introduced into the load chamber, which is kept at
high-vacuum (~ 10-6 Torr), to perform the surface degassing at high temperatures (~
4000C). This step removes any contamination on the surface of the substrates and strips off
the native oxides present on the surface. Finally, the samples are introduced into the growth
chamber, which is always maintained at ultra-high vacuum (~10-11 Torr). The growth
chamber is typically shielded with a liquid nitrogen shroud. This cryo-shroud attracts the
particles, thereby minimizing contamination during the growth. The growth chamber has
various effusion cells where the source materials are stored either in gaseous form or solid
form depending on the materials. Additional components within the growth chamber are:
a rotational chuck, which allows for uniform deposition; a thermocouple attached on the
backside of the chuck, which accurately reads the substrate temperature during growth; an
ion gauge that can move into the exact location of the substrate to measure the flux of
molecules coming from each source. Flux ratios are important because if there is too much
or not enough of one material relative to another, defects can form. Prior to growth, flux
ratios are optimized by fixing the group III fluxes and varying the group V fluxes through
valves at the crucible opening.
The temperature used to desorb the native oxides from the substrate prior to growth is ~
530-5400C. The growth temperature is typically maintained at ~ 490 -5000C. The progress
of the oxide desorption is observed with a RHEED system, in which electrons are diffracted
by the crystal onto a phosphor screen. When an oxidized substrate is present, the RHEED
screen reveals a diffused background, but when the oxide is removed, spots and streaks
appear. After oxides are desorbed, the substrate temperature is reduced to the desired
growth temperature. Before the main structure is grown, a buffer with the same
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composition of the substrate is grown to create smooth, high-quality, and free of impurity
template for subsequent growth.
Fabrication of pixelated GaSb solar cells begins with the growth of a multilayer stack on
an (001) epi-ready GaSb substrate by molecular beam epitaxy (MBE). The stack includes
an Al0.4Ga0.6Sb sacrificial layer, an InAs etch-stop layer (ESL), and a GaSb p-n structure.
The growth is carried out in a VG V80H Semicon reactor at a growth rates of ~0.3ML/sec
for Ga and In, and at a constant Sb:Ga ratio of 4-5. The growth rate for Al is adjusted
accordingly for Al0.4Ga0.6Sb. Tellurium and Beryllium are used as the n-type and p-type
dopants, respectively. The doping concentrations in the various GaSb layers are as
following: ~5x1018 cm-3 (p+-GaSb), ~5x1017 cm-3 (p-GaSb), ~4x1017 cm-3 (n-GaSb -), and
~5x1018 cm-3 (n+-GaSb).
A2. PHOTOLITHOGRAPHY
Photolithography is the process of transferring geometrical patterns from a mask to a
photoresist (PR) layer on a substrate.[1] The steps of a photolithographic process are: wafer
cleaning, adhesive layer application, photoresist application, soft baking, mask alignment,
exposure, development, and hard-baking.[2]
Wafer cleaning, adhesive layer and photoresist application: This is the first step where the
wafers are chemically cleaned to remove particulate as well as any traces of organic, ionic,
and metallic impurities on the surface. After cleaning, HMDS, an organic polymer which
serves as an adhesion promoter for PR, is deposited on the surface of the wafer via spin
coating. High-speed centrifugal whirling of wafers is the standard method for applying
photoresist coatings in IC manufacturing. This technique produces a thin uniform layer of
photoresist on the wafer surface. The wafer is then soft-baked at lower temperatures
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(~900C) to evaporate the solvent on the surface. Then, PR is deposited by spin-coating at
the required speed to obtain the desired thickness, which varies based on the application.
Resist types and application: There are two types of photoresist: positive and negative. For
positive resists, the resist is exposed with UV light wherever the underlying material needs
to be removed. In these resists, exposure to the UV light changes the chemical structure of
the resist so that it becomes soluble in the developer. The exposed resist is then washed
away by the developer solution, leaving windows of the protected photoresist material. The
mask, therefore, contains an exact copy of the pattern which is to remain on the wafer.
Negative resists behave in the opposite manner. Exposure to the UV light causes the
negative resist to polymerize, and more difficult to dissolve in the developer. Therefore,
the negative resist remains on the surface wherever it is exposed, and the developer solution
removes only the unexposed portions. Masks used for negative photoresists, therefore,
contain the inverse (negative) of the pattern to be transferred.[3]
Figure A2 shows the pattern differences generated from the use of positive and negative
resist. Although both negative and positive resists are used in semiconductor processing,
positive resist have higher resolution capabilities and made them an exclusive choice for
IC technologies down to ~ 0.4m feature size. Resists are exposed with g-line (430nm)
and i-line (365nm) UV light. For feature sizes less than 0.4m, deep-UV (DUV) or extreme
UV (EUV) chemically amplified resists are developed. DUV resists are capable of
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producing images with critical dimensions (CD) of ~ 0.18 m. However, for CDs less than
0.12 m, non-optical techniques take over optical lithography.[4][5]
Conventional photoresists have three-components. 1) the matrix material (resin) which
serves as a binder, and responsible for mechanical properties of the film; 2) photoactive

Figure A2. Schematic illustration of pattern transfer using positive and negative photoresists

compound (PAC) and 3) the solvent (propylene-glycol-monomethyl ether [PGME]). The
solvent keeps the resist in a liquid state until it is applied to the wafer. The matrix resin is
inert to the UV exposure and provides the resist, its etch-resistant, thickness, flexibility and
adhesion properties. PAC is the compound that undergoes a chemical change in response
to the UV light.
To define the GaSb epitaxial layer as small-area pixels, a positive resist SPR 220
(microchem®) is spin coated at 3000 RPM whose thickness is measured to be ~ 2.4 m by
DekTak® profilometer. To deposit the metal contacts via metal lift-off process, a negative
resist AZ NLOF 2020 is used whose thickness at 3000 RPM is ~ 2m as measured by
profilometer.
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Soft-baking: In this step, almost all of the solvents are evaporated from the photoresist
coating. Soft-baking plays a very critical role in photo-imaging. The photoresist coatings
become photosensitive, or imageable, only after soft-baking. Over soft-baking will degrade
the photosensitivity of resists by either reducing the developer solubility or destroying a
portion of the sensitizer. Under soft-baking will prevent light from reaching the sensitizer.
Positive resists are incompletely exposed if considerable solvent remains in the coating.
This under soft-baked positive resists is then readily attacked by the developer in both
exposed and unexposed areas, causing less etching resistance. The degree of soft-baking
(temperature and time) determines the residual solvent content of the resist. In general, the
more residual solvent contained in the resist after soft-bake, the higher the dissolution rate
in the developer. After spin coating, the samples are soft-baked at 1120C for 60 seconds to
completely evaporate the solvents in the resist.
Mask Alignment and Exposure: A mask is a quartz or soda-lime glass with patterned
emulsion of a metal film on one-side. This mask is aligned with the wafer and the resist is
exposed under UV band (i-line 365 nm) through the pattern of the mask. As described
earlier, photochemical transformations occur within the resist during exposure. The degree
of exposure is adjusted by controlling the energy impinging on the resist (a product of
intensity of the source and exposure time).
SPR 220 resist exposure: The samples after soft-baking are aligned with the desired
patterns of pixels (100s x 100s m2) in a mask aligner (MJB3) and the resist is exposed to
i-line (365 nm) of UV light with an exposure intensity of 12 mW/cm2 for 12 seconds to
completely transfer the pattern into the resist.
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AZ NLOF 2020 resist exposure: The samples with desired patterns for contact pads are
aligned with the mask and are exposed at i-line with an exposure intensity of 12 mW/cm2
for 8 seconds. After the exposure, to completely transfer the pattern to the negative resist,
the samples must be hard-baked (Post-exposure bake) at 1120C for 60 seconds.
Development: Following exposure and post-exposure bake (if applicable), the resist film
must be developed in order to completely transfer the pattern. After exposure, a latent
image of the mask is formed in the resist, but this latent image is turned into the final resist
image in development stage. The resist image after development serves as the mask for
sub-sequent processing steps. The primary goal of development process is that it should
cause minimum pattern distortion or swelling, and specified pattern dimensions should be
precisely produced. There are different developer solutions manufactured to suit best for
certain photoresists. AZ 300 MIF developer works well for SPR and NLOF series
photoresists. The exposed samples are developed in AZ 300 MIF developer for 90 seconds
(SPR 220). For metal lift-off, NLOF 2020 negative resist is over developed (40 seconds)
to create under-cut in the resist pattern which helps in lift-off process. The exposure
energies and development are interlinked. At low-exposure energies, the negative resist
remains completely soluble in the developer solution. As the exposure is increased above
a threshold energy Et, more of the resist film remains after development. At exposures two
or three times the threshold energy, very little of the resist film is dissolved. For positive
resists, the resist solubility in its developer is finite even at zero-exposure energy. The
solubility gradually increases until, at some threshold, it becomes completely soluble.
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Therefore, after development, the pattern of positive photoresist pixels is observed on the
sample surface as shown in figure A3. Then, the GaSb epilayer is etched using plasma-

(b)

(a)

Figure A3. Optical micrographs of transferred patterns after photolithography on GaSb (a) After
development (b) After ICP etching to the sacrificial layer. scale bar represents 200 m.

based etching to define the mesas of pixels and etch the GaSb epilayer to a depth of ~3300
nm so that the sacrificial layer is exposed for subsequent wet etching for ELO.
The summary of the photolithography recipes is shown in Table A1.
Table A2. summary of photolithography recipes that I have utilized to fabricated pixelated
GaSb devices.

Resist type

Spin speed

Soft bake

Exposure

Development

SPR 220 3.0 3000 RPM
(positive)
defining pixels

1120C, 60
seconds

12 seconds, 12
mW/cm2

AZ 300 MIF,
90 seconds

NLOF
2020 3000 RPM
(negative)
metal lift-off

1120C, 60
seconds

8 seconds, 12
mW/cm2

AZ 300 MIF,
40 seconds

AZ
4330 3000 RPM
(positive)
protective caps

900C, 90 seconds

9 seconds, 31
mW/cm2

AZ 400K 1:4,
120 seconds
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A2. ETCHING
Etching in microelectronics fabrication is a process by which material is selectively
removed from a substrate or from thin-films on a substrate surface. Etching occurs via a
chemical reaction of a material with a reagent called an etchant.[6] When a mask layer is
used to protect specific regions of the wafer surface, the exposed surface needs to be
precisely etched transferring the pattern created by the mask on to the wafer.
Reactive ion etching: Dry-etching processes are based on a combination of physical and
chemical mechanisms. Hence, they offer the potential of anisotropic etching and sufficient
selectivity.[7][8] A rf glow discharge produces chemically reactive species (ions, radicals
(a)

(b)

Figure A4. Summary of different processes occurring in a plasma etching (a) Physical
process during etching (b) Mechanisms in a RIE process.

and atoms) from a molecular gas. The gas is selected to generate species which react
chemically with the materials being etched. The basic reactions occurring in a plasma etch
are shown in Fig. A4 below.
An ideal dry etch process typically has six steps: 1) Reactive species are generated from
the incoming gas species; 2) reactive species are transported by diffusion to the surface of
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the material being etched; 3) these species are adsorbed on the surface; 4) a chemical
reaction occurs between the reactive species and the material with formation of volatile byproduct; 5) by-products are desorbed off the surface and 6) desorbed species diffuse into
the gas and are pumped out of the chamber.[9] Note that the above steps can basically be
broken down into gas-phase reactions (steps 1,2,6) and solid-phase reactions (steps 3,4,5).
Many reactive species can react rapidly with a solid surface, but unless the product has a
reasonable vapor pressure to desorb off the surface, no etching occurs.
Parameters in plasma etching process: Various parameters that effect the schematics of
etching are 1) type of gas 2) power 3) pressure of the chamber 4) flow rate of the gases and
5) temperature of the chamber and/or electrodes.
Inductively coupled plasma reactors (ICP): In such configuration, plasmas are created by
the application of rf power to a non-resonant inductive coil. The plasma acts as single-turn,
lossy conductor that is coupled to the inductor surrounding the dome of the chamber. The
rf power is coupled to the plasma by the transformer action. A large current circulating the
rf coil generates an axial rf magnetic field with in the tube, which in turn induces a
circulating rf current in the plasma. The wafer is mounted such that it is not affected by the
electromagnetic field. Power coupling in such configurations is efficient and as a result
creates a very high density of plasma species (~1012/cm3). This is ~ 10X higher than that
of the capacitively coupled two electrode system. As a result, the degree of anisotropy and
rate of etching is higher in ICP compared to RIE etching. In this thesis, all the etching
processes are performed with an ICP etch reactor (Plasmatherm®).
After photolithography, the samples are etched in ICP etcher (Plasmatherm®) using
chlorine-based reaction chemistry which is suitable for etching III-V compound
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semiconductors. Specifically, I used BCl3 (25sccm) combined with Ar (10 sccm). The ICP
power is maintained at ~ 650W and the RF power is maintained at ~ 90W for sufficient
(a)

(b)

Figure A5. Tilted SEM micrographs of GaSb mesas after ICP etching. Thickness of the mesa
is ~ 3400 nm which indicate that the etch depth reached AlGaSb sacrificial layer. (a), and (b)
show different edges of the mesas

etch rate of GaSb of ~ 300 nm per minute. The chamber pressure is kept at ~ 2.5 mTorr to
obtain high anisotropy and vertical sidewalls as shown in figure A5.
Wet chemical etching. Wet chemical etching was a standard pattern transfer technique
when early generations of ICs are fabricated. The primary advantages of wet etching are
1) selectivity, 2) well-established chemistries for several materials, and 3) less crystalline
damage at the surface of etching. However, the biggest disadvantage of wet etching is
isotropic behavior (similar etch rate in all directions).[10] This makes it undesirable when
transferring patterns whose depth of etching are similar to the thickness of the film itself.
wet process relies strictly on the chemical mechanisms for etching. This is the reason for
extreme selectivity in etching with respect to the mask and underlying substrates.
Therefore, for epitaxial lift-off, selective wet etching of sacrificial layer is performed to
release the active GaSb layer. The process development and optimization of HF-based
etchant is discussed in detail in Chapter 2.
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A3. THIN-FILM DEPOSITION
E-beam evaporation. This is a is a form of physical vapor deposition in which a
target anode (desired material to be evaporated) is bombarded with an electron beam given
off by a charged tungsten filament under high vacuum. The electron beam causes atoms
from the target to transform into the gaseous phase. These atoms then precipitate into solid
form, coating everything in the vacuum chamber (within line of sight) with a thin layer of
the anode material.[11]
The

deposition

chamber

typically

is

evacuated

to

a pressure of

at

least

7.5×10−5 Torr (10−2 Pa) to allow passage of electrons from the electron gun to the
evaporation material. The generated electron beam is accelerated to a high kinetic energy
and directed towards the evaporation material. Upon striking the evaporation material, the
electrons will lose their energy very rapidly. The kinetic energy of the electrons is
converted into other forms of energy through interactions with the evaporation material.
The thermal energy that is produced heats up the evaporation material causing it to melt or
sublimate. Once temperature and vacuum level are sufficiently high, vapor will result from
the melt or solid. The resulting vapor can then be used to coat surfaces. Accelerating
voltages can be between 3 and 40 kV. Typical accelerating voltage is ~10 kV and the beam
current is a few amperes, where 85% of the electron's kinetic energy can be converted into
thermal energy.[12][13]
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The metal contacts for pixelated GaSb solar cell devices are evaporated using e-beam
evaporation at a chamber pressure of ~ 1 x 106 Torr. The metals deposited are Ge, Ni, Au,
Ti, and Pt. All the metals are evaporated at ~ 1 Å/s if the thickness to be deposited are less
than 500 A and ~ 2 Å/s for higher thicknesses to minimize the stresses induced in faster
deposition of the films.
Plasma-enhanced CVD (PECVD): PECVD deposition technique is widely used in
semiconductor fabrication due to its advantage of low processing temperatures compared
to LPCVD. Instead of relying on just the thermal energy to initiate the chemical reactions,
PECVD system employs an rf-induced glow discharge to transfer energy into the reactant
gases. This allows for higher deposition rates at lower temperatures compared to
Atmospheric Pressure CVD (APCVD) and Low-Pressure CVD (LPCVD). Another
advantage of PECVD is that it provides a method of depositing thin films on substrates
which do not have the thermal stability. Low pinhole density and good adhesion of films
to substrates is also achieved via PECVD.[14][15]
The plasma is generated by applying a rf field to a low -pressure gas creating free electrons
which in turn gain energy from the field and crack the gas creating ions, atoms and radicals.

Figure A6. Basic reaction mechanisms in a PECVD systemF1
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The net effect is that the reactions between these reactive species occur at a lower
temperature compared to conventional CVD. The energetic species are then adsorbed on
to the surface. Among the species, free radicals have a high sticking coefficient because
they are more reactive than the gas molecules. Hence, they form stronger bonds to the
surface when they are adsorbed. Furthermore, they also migrate easily along the surface
after adsorption. These characteristics give PECVD an excellent film conformality.
PECVD films are typically less stoichiometric and the by-products and other incidental
species are sometimes incorporated into the films. This could be a disadvantage in terms
of electrical stability and thermal stability of the films.[16][17]
Orion® Trion ICP PECVD system is used to deposit SixNy dielectric spacer whose purpose
is to isolate the top and bottom contacts for the pixelated GaSb devices. The temperature
used during the deposition is ~ 2500C. The gases used are SiH4, N2, and Ar in 1:1:1.5 ratio.
The ICP power is maintained at 650W and the chamber pressure is kept at ~ 10 mTorr. The
deposition rate for SixNy is calibrated at ~ 1.2 nm/S. The refractive index measured by
ellipsometer (Vase®) is ~ 1.98 at 632 nm which indicates good stoichiometry and close to
ideal (2.02) quality SixNy.
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APPENDIX B-Characterization Techniques
This appendix provides details about the characterization techniques that I have utilized
throughout my research work.
B1. STRUCTURAL CHARACTERIZATION
Scanning electron microscopy (SEM): As the shrinking of semiconductor devices has
been progressing almost linearly with time, with commercial VLSI technology nodes
being made a few tens of nanometers. Conventional imaging through optical microscopy
is limited by the resolution because of the wavelengths. Hence, there is a need to seek an
alternative technique of imaging such nanoscale features of interest. The electrons on the
other hand, have a much shorter wavelength, and therefore could resolve objects very well
compared to the optical microscopy. In theory, electrons could resolve feature sizes as
small as ~ 2 nm. Furthermore, 3D and topographical imaging is achieved using SEM
which cannot be done in a top-view optical microscopy.[1]

Figure B1. Schematic overview of an SEM operation
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The scanning electron microscope (SEM) uses a focused beam of high-energy electrons
emitted by a field-emission source. These generate a variety of signals at the surface of
solid specimens. The signals that derive from electron-sample interactions reveal
information about the sample including external morphology (texture), chemical
composition, and crystalline structure and orientation of materials making up the sample.
In most applications, data are collected over a selected area of the surface of the sample,
and a 2-dimensional image is generated that displays spatial variations in these properties.
Areas ranging from approximately 1 cm to 5 microns in width can be imaged in a scanning
mode using conventional SEM techniques (magnification ranging from 20X to
approximately 30,000X, spatial resolution of 50 to 100 nm). The SEM is also capable of
performing analyses of selected point locations on the sample; this approach is especially
useful in qualitatively determining chemical compositions (using EDS), crystalline
structure, and crystal orientations (using EBSD). [2][3][4]
Finally, SEM analysis is non-destructive and hence, the samples could be re-analyzed and
re-used. Hence, SEM is one of the heavily used tools in academic research and in
industry.[5]
Transmission electron microscopy (TEM): TEM works similar to SEM but the way the
electrons interact with the sample is different. The resolution and magnification in a TEM
are much higher compared to the SEM because of this reason. Instead of scanning the
surface, the electrons are transmitted through the sample and are collected on the other side
using a series of lens and a projector screen.[6][7] The typical set up of a TEM is shown as
schematic in Fig. B2.
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Figure B2. Schematic view of a typical TEM setup.

The beam of electrons from the electron gun is focused into a small, coherent beam using
the condenser lens. This beam is restricted by the condenser aperture, which excludes high
angle electrons. The beam then strikes the specimen and parts of it is transmitted through
the sample depending upon the thickness and electron transparency of the specimen. This
transmitted portion is focused by the objective lens into an image on phosphor screen or
charge coupled device (CCD) camera. Optional objective apertures can be used to enhance
the contrast by blocking out high-angle diffracted electrons. The image then passed down
the column through the intermediate and projector lenses, is enlarged all the way.
The image strikes the phosphor screen and light is generated, allowing the user to see the
image. The darker areas of the image represent those areas of the sample that fewer
electrons are transmitted through while the lighter areas of the image represent those areas
of the sample that more electrons were transmitted through. This high-contrast image is
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called a bright-field image. This image is obtained due to the elastic scattering due to
transmitted beam alone. Just like SEM, different signals emitted from the electron-sample
interactions provide us with different information.
Diffraction: By adjusting the magnetic lenses such that the back focal plane of the lens
rather than the imaging plane is placed on the imaging apparatus, a diffraction pattern can
be generated. For thin crystalline samples, this produces an image that consists of a pattern
of dots in the case of a single crystal, or a series of rings in the case of a polycrystalline or
amorphous solid material. For a single crystalline material, the diffraction pattern is
dependent upon the orientation and the structure of the sample illuminated by the electron
beam. This image provides us with information about the space group symmetries in the
crystal and the crystal's orientation to the beam path. This is typically done without using
any information but the position at which the diffraction spots appear and the observed
image symmetries. [8][9]
Electron-energy loss spectroscopy (EELS): In this technique, electrons can be separated
into a spectrum based upon their velocity (which is closely related to their kinetic energy,
and thus energy loss from the beam energy), using detectors known as EEL spectrometers.
These detectors allow for the selection of specific energy values, which can be associated
with the way the electron has interacted with the sample. That is; different elements in the
sample material result in different electron energies in the beam transmitted after the
sample. This chromatic information is used to generate an image which provides
information on elemental composition, based upon the atomic transition during electronelectron interaction. EELS is used often in place of EDS because of its precise resolution
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to evaluate the chemical species. However, lighter elements could be harder to detect
because of the absence of valence atomic orbitals.[8][10][11]
Scanning Transmission Electron Microscopy (STEM): A TEM could also be used in
scanning mode for some specific applications by adding a system which scans the beams
across the sample to form the image and suitable detectors. Scanning coils are used to
deflect the beam, where the beam is then collected using a current detector, which acts as
a direct electron counter. By correlating the electron count to the position of the scanning
beam, the transmitted component of the beam may be measured.[12][13]
Atomic force microscopy (AFM): Surface metrology is a crucial aspect of
materials/device characterization. Several techniques and tools are available today which
make the surface probing much easier and effective. Some of the important surface
probing techniques include but not limited to Atomic Force Microscopy (AFM), surface
profilometry, scanning tunneling microscopy (STM), thin-film reflectometry, so on and
so forth.
AFM or scanning force microscopy is a very-high-resolution scanning probe metrology
tool in use today. The resolution successfully demonstrated is up to sub nanometer
scales.[14] AFM is used for different purposes such as surface imaging, Force
measurement, and micro manipulation. A typical AFM setup consists of a cantilever with
a sharp tip (probe) at its end that is used to scan the specimen surface. The cantilever is
typically silicon or silicon nitride with a tip radius of curvature on the order of nanometers.
When the tip is brought into proximity of a sample surface, forces between the tip and the
sample lead to a deflection of the cantilever according to Hooke's law.[15][16] A general
schematic of an AFM is shown in Fig. B3.
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Figure B3. Operation of Atomic force microscope (a) Block diagram of different components
of an AFM. (b) AFM image obtained for an ultra-thin MoS2 flake (6nm) on an SiO2 substrate.

A small spring-like cantilever (tip) is carried by the support. Optionally, a piezoelectric
element (typically made of a ceramic material) oscillates the cantilever. The sharp tip is
fixed to the free end of the cantilever. The detector records the deflection and motion of
the cantilever. The sample is mounted on the sample stage. A drive permits to displace the
sample and the sample stage in x, y, and z directions with respect to the tip apex.
Surface imaging: There are two imaging modes called contact and non-contact (tapping)
modes. In contact mode, the tip of the cantilever is physically in contact with the surface
to be scanned. The contours of the surface are measured either using the deflection of the
cantilever directly or, more commonly, using the feedback signal required to keep the
cantilever at a constant position. Because the measurement of a static signal is prone to
noise and drift, low stiffness cantilevers (i.e. cantilevers with a low spring constant, k) are
used to achieve a large enough deflection signal while keeping the interaction force low.
Close to the surface of the sample, attractive forces can be quite strong, causing the tip to
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"snap-in" to the surface. Thus, contact mode AFM is always done at a depth where the
overall force is repulsive, that is, in firm "contact" with the solid surface.
In tapping mode (AC mode), the cantilever is driven to oscillate up and down at its
resonance frequency. This oscillation is commonly achieved with a small piezo element in
the cantilever holder, or piezoelectric cantilevers. The amplitude of this oscillation usually
varies from several nm to 200 nm. In tapping mode, the frequency and amplitude of the
driving signal are kept constant, leading to a constant amplitude of the cantilever oscillation
if there is no drift or interaction with the surface. The interaction of forces acting on the
cantilever when the tip comes close to the surface, Van der Waals forces, dipole-dipole
interactions, electrostatic forces, etc. cause the amplitude of the cantilever's oscillation to
change (usually decrease) as the tip gets closer to the sample. This amplitude is used as the
parameter that goes into the electronic servo that controls the height of the cantilever above
the sample. The servo adjusts the height to maintain a set cantilever oscillation amplitude
as the cantilever is scanned over the sample. A tapping AFM image is therefore produced
by imaging the force of the intermittent contacts of the tip with the sample surface. This is
widely used mode because it provides longevity to the tip and can be used on fragile
biological samples. [17][18]
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Raman spectroscopy: Raman spectroscopy is a useful technique to observe vibrational,
rotational and other low-frequency modes in a material. Since each atomic vibration has
its distinct vibrational frequency, this technique gives us a unique fingerprint of the
material under study.

Figure B4. Raman spectroscopy for characterizing phonon vibrations of a material (a) Block
diagram of a Raman spectrometer (b) principle of Raman scattering (c) phonon vibrational
frequencies translated as Raman shift

It is based on inelastic scattering, or Raman scattering, of monochromatic light, usually
from a laser source in the visible, IR, or near UV range. The laser interacts with molecular
vibrations, phonons or other excitations in the material, resulting in the energy of the
incident photons being shifted up or down. The shift in energy gives information about the
vibrational modes in the system. The Raman Scattering Process, as described by quantum
mechanics, is when photons interact with a molecule, the molecule may be advanced to a
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higher energy, virtual state. From this higher energy state, there may be a few different
outcomes. One such outcome would be that the molecule relaxes to a vibrational energy
level that is different than that of its beginning state producing a photon of different energy.
The difference between the energy of the incident photon and the energy of the scattered
photon is the called the Raman shift.
Raman spectrometer identifies changes in a molecular bonds polarizability. Interaction of
light with a molecule induces a deformation of its electron cloud. This deformation is
known as a change in polarizability. Molecular bonds have specific energy transitions in
which a change of polarizability occurs, giving rise to Raman active modes. As an
example, molecules that contain bonds between homonuclear atoms such as carboncarbon, sulfur-sulfur, and nitrogen-nitrogen bonds undergo a change in polarizability when
photons interact with them. These are examples of bonds that give rise to Raman active
spectral bands[19][20]
Operation: Typically, a sample is illuminated with a laser beam. Electromagnetic radiation
from the illuminated spot is collected with a lens and sent through a monochromator.
Elastic scattered radiation at the wavelength corresponding to the laser line (Rayleigh
scattering) is filtered out by either a notch filter, edge pass filter, or a band pass filter, while
the rest of the collected light is dispersed onto a detector.
Raman spectroscopy can be used for microscopic analysis, with a spatial resolution in the
order of 0.5-1 µm. Such analysis is possible using a Raman microscope.
A Raman microscope couples a Raman spectrometer to a standard optical microscope,
allowing high magnification visualization of a sample and Raman analysis with a
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microscopic laser spot. Raman micro-analysis is easy: simply place the sample under the
microscope, focus, and make a measurement. Raman microscope can be used for the
analysis of micron size particles or volumes. In general, Raman spectroscopy probes the
chemical structure of a material and provides information about 1) chemical structure and
identity 2) phase and polymorphism 3) intrinsic stress/strain and 4) contamination and
impurities in the material.[21][22][23]
Raman spectroscopy on GaSb surfaces are characterized using Horiba LabRam HR
evolution ® Raman microscope. The incident wavelength is 442 nm with a spatial
resolution of ~ 600 nm and spectral resolution of ~ 0.1 cm-1. The spectrometer is calibrated
to a reference Si substrate such that the Si-Si vibrational frequency is at 520.7 cm-1. The
power of the incident beam is kept at ~ 0.2 mW to minimize the heating of the sample
which shows false peak shifts due to temperature induced vibrations in the material.
FTIR spectroscopy: This technique is used to obtain an infrared spectrum of
absorption/reflection or emission of a solid, liquid or gas. An FTIR spectrometer
simultaneously collects high-spectral-resolution data over a wide spectral range. A Fourier
transform (a mathematical process converting time domain to frequency domain) is
required to convert the raw data into the actual spectrum. The FTIR instrument relies upon
interferences of various frequencies of light to produce a spectrum. It has a source, sample,
two mirrors, a laser reference, and detector, but the assembly of components also include
a beam-splitter and the two strategic mirrors that function as an interferometer.[24]
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The incident beam strikes the beam-splitter and produces two beams of roughly the same
intensity. One beam hits the fixed mirror and returns to the beam-splitter. The other beam
goes to the moving mirror. The motion of the moving mirror makes the total pathlength
variable versus that taken by the fixed mirror beam. When these two beams meet up again
at the beam-splitter, they recombine, and the difference in their path lengths create
constructive and destructive interference, an interferogram.[25][26]

Figure B5. (a) Schematic illustration of a Michelson interferometer configured in a FTIR setup
(b) example of an FTIR interferogram. The center peak is at the zero-path difference (ZPD)
position where maximum light passes through interferometer. The external mirrors are adjusted
to maximize this signal to enhance the signal intensity.

The recombined beam passes through the sample. The sample absorbs all the wavelengths
characteristic of the its spectrum and then subtracts specific wavelengths from the
interferogram. The detector now reports variation in energy-versus-time for all
wavelengths simultaneously. A laser beam is superimposed to provide a reference for the
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operation of the instrument. Furthermore, FTIR is also used in Fourier Transform
Photocurrent Spectroscopy to measure the spectral response form optical devices.[27]
B2. DEVICE CHARACTERIZATION
Dark and photo-current – voltage Measurements: Vertical transport two-terminal
diodes are electrically tested through current-voltage measurements under dark conditions.
A two-probe or a four-probe setup is generally used with micro-manipulators for precise
probing of the nanoscale devices. 4-point probes method is a more precise technique that
uses separate pairs of current-carrying and voltage-sensing electrodes to make more
accurate measurements than the simpler two-terminal (2T) sensing. Separation of current
and voltage electrodes eliminates the lead and contact resistance from the measurement.
This is an advantage for precise measurement of low resistance values. Additionally, a
semiconductor parameter analyzer is used as voltage source (for sweeping the voltage) and
for recording the measured current from the devices.
For Solar cells, the same set up is used with a solar spectrum simulator as a light source
and obtain I-V measurements under illumination conditions. Typically, a xenon arc lamp
is used as a light source paired with an optical filter whose spectrum matches closely to
that of the AM 1.5 spectrum as shown in Fig. B6.
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Figure B6. Four-probe setup for I-V measurements (a) Image of a typical four-probe setup
with a light source and a semiconductor parameter analyzer (b) Output light spectrum of a
xenon arc lamp filtered to match AM 1.5 spectrum

Reflectance measurements: Since the pixelated GaSb solar cells are obtained by direct
membrane bonding on metal-coated Si substrates, they are called thin-film solar cells. The
reflectance of such thin-film solar cells is known to be elevated compared to conventional
cells which are on bulk substrates because of the origin of fabry-perot effect.[28] This leads
to an enhanced absorption and efficiencies in thin-film solar cells.[29] Since, not all the
incident photons are absorbed with in the material in the first pass, they are transmitted
through the cell active layer. If the solar cell is on a bulk substrate, the transmitted photons
are absorbed in the bulk substrate. However, due to the presence of reflective back metal
contact in thin-film GaSb cell, the transmitted photons through the cell are reflected into
the cell by the back contact and lead to photon recycling. This is known as light-trapping
enhancement effect. This effect can be clearly seen by measuring the absorption spectra of
the pixelated cell in the wavelengths closer to the bandgap of GaSb.
Absorbance spectra is measured in a Nicolet® iN 10 FTIR microscope in reflectance mode
in the wavelength region of 1300 nm to 2000 nm because of the detector limit. Background
absorbance spectra is measured first from the Metal contact pad and then the absorbance
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of the GaSb thin-film pixel is measured. The resultant absorbance spectra have the
background automatically subtracted and produces the absorbance as a function of
wavelength. Since the GaSb pixel is not transparent, one can obtain reflectance as 1absorbance.
Spectral response measurement: The external quantum efficiency (EQE) of pixelated
GaSb solar cells is characterized by measuring the spectral response from the pixels as a
function of wavelength. The EQE can then be calculated as EQE = (1.24/λ) x spectral
response. This measurement is carried out in a Nicolet® FTIR setup in a mode called
Fourier transform photocurrent spectroscopy (FTPS).[27], [30], [31] Instead of the internal
DTGS photodetector, the response of the pixelated diodes is measured when a
monochromatic light from the IR source is incident on the GaSb pixels (see Fig. B7).
The sample is mounted in a cryo finger for terminal connections, but the measurement is

Figure B7. Quantum efficiency measurement using FTIR (a) Schematic illustration of
Photocurrent measurement mode using FTIR spectrometer (b) Image of the GaSb pixels wire
bonded to a chip carrier used for probing individual pixels using the designated leads connected
to the cryo finger

obtained at room temperature. The light intensity from the FTIR is maximized by adjusting
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the position of the Au mirror. The contacts to the pixel is routed to a current pre-amplifier
which is connected to an interface assembly going to the FTIR spectrometer. The photocurrent response from the GaSb pixels is measured as a function of wavelength. Due to the
DTGS detector limitation, the minimum wavelength resolvable with the setup is ~ 1300
nm. Hence, we obtain the spectral response from 1300 nm to 1730 nm (Bandgap) for the
pixelated GaSb solar cells.
Differential resistance measurement:
To measure the contact resistance of the bonded contact accurately, one needs to perform
Transfer Length Method (TLM) measurements. However, the bonded contact is on the
bottom side of the pixel and covers the whole area of the pixel. Therefore, it is difficult to
pattern the contact with variable separation and align the pixel to bond to the patterned
bottom contact. A possible alternative of this method to obtain the contact resistance of
the bonded contact is to compare the differential resistance of the pixel vs bulk diode. This
is not accurate but gives a first-hand indication if the contact resistances are different
compared to the evaporated contacts of same material. For this purpose, the same sample
structure is chosen where the reference sample is a GaSb solar cell structure resting on the
GaSb substrate. The n-contact is deposited on the other side of the substrate using e-beam
evaporation. Prior to the deposition of contact materials, the native oxides are stripped off
using a dilute HCl treatment. On the other hand, the transferred device sample is the GaSb
pixel bonded to the n-contact. In this device design, the native oxide removal using wet
chemical process is difficult since, the pixels are appropriately timed for complete release.
Putting them in another chemical solution will lead to the release of the pixels and losing
them to the solution. Therefore, in this approach, the native oxides are not removed.
114

In the case of the pixel, the top contact is evaporated, and the bottom contact is bonded.
The total differential resistance measured for this diode is compared to the reference diode
where both top and bottom contacts are evaporated. I evaluate the quality of the bonded
GaSb/metal interface by comparing the dark current-voltage (Idark - V) characteristics and
differential resistance (dV/dIdark) of the two devices. In the reference device, the nGaSb/Ni/ Ge/Au/Pt/Au (top) contact is formed by e-beam evaporation of the metal on the
whole area of the pixel. The bottom contact is formed by e-beam evaporation on the backsurface of the GaSb substrate. Figure B8 shows the Idark- V and the dV/dIdark for both.

Figure B8. Contact resistance estimation of GaSb pixels via differential resistance method (a)
schematic structures for comparison of contact resistance (b) Differential resistance vs current
comparison for two devices (red dotted line is the reference device; black solid curve is the
transferred device). Inset shows dark current comparison of the two devices.

I estimated the series resistances of Rs = 0.124 Ω cm2 and Rs = 0.145 Ω cm2 from the
dV/dIdark of the reference and the transferred devices, respectively, at higher currents.
These results suggest that n+GaSb/Ni/Ge/Au/Pt/Au electrical contacts formed by
membrane bonding and metal deposition have comparable differential resistance. This
could indicate two things. 1. The contact resistances of evaporated contact and bonded
contact are similar 2. The similar resistances could come from different mechanisms in the
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two devices. In reference device, the tunneling of carriers and recombination of carriers
happen through the defects in the substrate. Whereas in the transferred device,
recombination of carrier occurs because of the defects on the surface and tunneling through
the defects in the interfacial layer at the n-GaSb/Ni/Ge/Au bonded interface. Therefore, it
is difficult to separate these aspects and provide a conclusion. For this purpose, a physical
characterization using TEM is required to inspect the bonded interface and correlating to
the electrical characterization to determine the type of transport at this interface.
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APPENDIX C-Double diode model of the Pixelated Solar Cell
In section 4.1, I have quantified the resistivity of the perimeter and the bulk in a pixelated
solar cell using a variable-area diode array (VADA) technique. Here I identify the physical
phenomena that determine conductivity through the device based on the two-diode model
illustrated in Figure C1. [1]

Figure C1. Schematic illustration of a two-diode model for a solar cell. ID1 is the current flowing
through the diode D1 which is attributed to diffusion of minority carriers. ID2 is the current
passing through the diode D2 which is assigned to the recombination of charge carriers. This
model neglects the effect of parasitic shunt and series resistances.

In a two-diode model the total current flowing through the device is approximated by a
sum of diffusion and recombination currents in both bulk and surface (perimeter):[1]–[4]
qV

qV

Jdark = Jdiff + Jrec = J01 (ekT ‐1) + J02 (e2kT ‐1)
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(Eq. 4.1)

where J01 and J02 are the diffusion saturation current density (n = 1) and the recombination
saturation current density (n = 2), respectively; V is the applied voltage; k is the Boltzmann
constant; T is the operating temperature of the diode.

Figure 4.4. Calculated saturation current densities vs P/A for n = 1 (black solid squares) and n
= 2 current densities (black open squares). The solid red lines are linear fits to the calculated
values, which yield the bulk and perimeter saturation current densities.

I calculated J01 and J02 from the measured dark current density-voltage (Jdark -V) for
various pixels of each size using a technique based on least squares.[1] The two saturation
current densities are plotted as a function of P/A in Fig. 4.4. Next, I perform a linear fit to
the data with the expression shown below[1][5]
P

J0n = J0nb + J0np (A)

(Eq. 4.2)

Table 4. 1: Summary of diffusion and recombination current components in the bulk and surface
regions of the pixels
Physical phenomenon

J0nb (A/cm2)

J0np (A/cm)

J0n (340 x 340 m)

Diffusion (n =1)

1.36 x 10-5

1.21 x 10-7

2.783 x 10-5

Recombination (n =2)

1.05 x 10-4

5.3 x10-6

7.284 x 10-4

Where, J0nb (A/cm2) and J0np (A/cm) are assigned to the bulk and the perimeter saturation
current density, respectively. The extracted values of Jonb and Jonp are reported in Table
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4.1. These results indicate that, in the limit of a two-diode model approximation where
parasitic conductive paths have been neglected, the recombination of carriers in the
depletion region leads to a saturation current density that is at least an order of magnitude
higher than diffusion saturation current density in both bulk and perimeter of PSCs.
Additionally, Table 4.1 shows that perimeter recombination is mostly responsible for
leakage in the diode under no illumination. These conclusions support the results of the
VADA technique that showed that the path with higher conductivity is through the
perimeter of the pixels.
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